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O leite bovino é um dos alimentos mais alergênicos para crianças na primeira 
fase da infância, sendo as caseínas e as duas principais proteínas do soro - α-
lactoalbumina (α-la) e β-lactoglobulina (β-lg) - os principais alérgenos desse alimento. 
Recentemente, a complexação de proteínas com compostos fenólicos começou a ser 
investigada como uma estratégia para redução da alergenicidade de alguns alimentos, 
como ovo e amendoim. Entretanto, estudos sobre a complexação de proteínas do leite 
com compostos fenólicos com vistas à redução da alergenicidade ainda são escassos. 
Compostos fenólicos podem interagir com proteínas e formar complexos solúveis ou 
insolúveis. Essas interações podem acarretar alterações em sítios específicos da proteína 
que se ligam ao anticorpo, o que pode resultar em redução da alergenicidade. O objetivo 
do presente trabalho foi avaliar o efeito da complexação, com ácido cafeico (AC) ou 
com epigalocatequina galato (EGCG), na alergenicidade do isolado proteico do soro de 
leite (IPS). Para isso, IPS foi complexado com AC ou EGCG em pH 3,5 e 7,0 a 25 °C 
em diferentes relações moleculares (proteína: composto fenólico) – 1:1; 1:0,5; 1:0,2 e 
1:0,1. As modificações estruturais das proteínas do IPS foram investigadas por 
espectroscopia de fluorescência, calorimetria de titulação isotérmica (ITC), dicroísmo 
circular (CD) e hidrofobicidade superficial (S0), e a alergenicidade dos complexos foi 
avaliada por ELISA. Os complexos IPS-compostos fenólicos apresentaram quenching 
de fluorescência acompanhado de red-shift, entalpia negativa e redução da S0, 
evidenciando interações de natureza hidrofóbica entre os dois compostos. Além disso, 
mudanças na estrutura secundária e aumento da estabilidade térmica foram 
demonstradas por CD. Os complexos IPS-EGCG produzidos em ambos os valores de 
pH apresentaram redução da capacidade de ligação à IgE específica à β-lg e BSA. A 
capacidade de sensibilização oral dos complexos produzidos em pH 3,5 foi investigada 
utilizando camundongos C3H/HeJ. Os camundongos tratados com IPS-AC-3,5 
apresentaram redução dos níveis de IgE, IgG1 e IgG2a específicos às proteínas do IPS, 
enquanto os camundongos tratados com IPS-EGCG-3,5 apresentaram redução dos 
níveis de IgG2a específica ao IPS. Ambos os complexos foram capazes de reduzir os 
níveis de mMCP-1 no soro dos animais, avaliada por ELISA, evidenciando redução da 
degranulação de mastócitos. O tratamento com IPS-EGCG-3,5 resultou em aumento das 
populações de células T CD4
+ 
IFN-γ+ (Th1), CD4+ IL-10+ (Th2), CD4+ FoxP3+ LAP- e 
CD4
+
 IL-17A (Th17) analisadas por citometria de fluxo, enquanto o tratamento com 




 (TGF-β1) FoxP3+ e 
CD4
+
 IL-17A (Th17). Esses resultados sugerem que o tratamento oral com os 
complexos induz tolerância oral, porém por mecanismos moleculares diferentes. Além 
disso, a capacidade de modulação da degranulação de mastócitos in vitro foi também 
avaliada utilizando células basófilas de linhagem leucêmica de ratos (RBL-2H3). O 
complexo IPS-EGCG-3,5 reduziu a degranulação in vitro de células RBL-2H3 
previamente sensibilizadas com anticorpo IgE anti-DNP, indicando  que este complexo 
apresenta capacidade antialérgica. Em conjunto, os resultados indicam que a 
complexação do IPS com AC ou EGCG não somente reduziu a alergenicidade das 
proteínas devido às modificações de suas estruturas, mas também resultou na formação 
de complexos com capacidade antialérgica possivelmente em função da manutenção das 







Cow’s milk is one of the most allergenic foods to children during the early 
childhood and the caseins and the two main whey proteins - α-lactoalbumin (α-la) e β-
lactoglobulin (β-lg) – are its main allergens. Recently, the complexation of proteins with 
phenolic compounds started to be investigated as a strategy to reduce the allergenicity 
of some foods, such as egg and peanut. However, studies about the complexation of 
milk proteins with phenolic compounds in order to reduce the milk proteins 
allergenicity are scarce.  Phenolic compounds can interact with proteins and form 
soluble or insoluble complexes. These interactions could cause modifications on 
specific portions which bind to antibody which may result in allergenicity reduction. 
The aim of the present work was to evaluate the effect of complexation with caffeic acid 
(CA) or epigallocatechin gallate (EGCG) on the allergenicity of whey protein isolate 
(WPI). For this purpose, WPI was complexed with CA or EGCG at pH 3.5 or 7.0/25 °C 
in different WPI: phenolic compound molar ratios – 1:1; 1:0.5; 1:0.2 and 1:0.1. 
Structural changes of WPI were investigated by fluorescence spectroscopy, isothermal 
titration calorimetry (ITC), circular dichroism (CD) and surface hydrophobicity (S0), 
and the complexes allergenicity was analyzed by ELISA. The WPI-phenolic compounds 
complexes showed fluorescent quenching, accompanied by red-shift, negative 
exothermic enthalpy and reduction of S0, evidencing interactions from hydrophobic 
nature between the compounds. Additionally, changes in secondary structure pattern 
and increase in thermal stability were demonstrated by circular dichroism. WPI-EGCG 
complexes obtained in both pH conditions showed decreased IgE-binding capacity to β-
lg and BSA. The oral sensitization capacity of complexes produced at pH 3.5 was 
investigated using C3H/HeJ mice. The mice treated with WPI-CA-3.5 showed reduced 
levels of WPI-specific IgE, IgG1 and IgG2a, while mice treated with WPI-EGCG-3.5 
showed reduced levels of WPI-specific IgG2a. Both complexes were capable to reduce 
the levels of mMCP-1 in the animals’ serum, analyzed by ELISA, indicating a reduction 
of mast cells degranulation. The treatment with WPI-EGCG-3.5 resulted in increased 
frequency of CD4
+
 IFN-γ+ (Th1), CD4+ IL-10+ (Th2), CD4+ FoxP3+ LAP- and CD4+ IL-
17A (Th17) T cells, analyzed by flow cytometry, whereas treatment with WPI-CA-3.5 




 (TGF-β1) FoxP3+ and CD4+ IL-17A 
(Th17) T cells. These results suggest that oral treatment with both complexes induce 
oral tolerance, however by different molecular mechanisms. Moreover, the modulation 
capacity of mast cells degranulation was analyzed in vitro using a rat basophilic 
leukemia cell line (RBL-2H3). WPI-EGCG-3.5 reduced in vitro degranulation of RBL-
2H3 cells previously sensitized with anti-DNP IgE, indicating that this complex shows 
an anti-allergic capacity. Taken together, the results indicate that the complexation of 
WPI with CA or EGCG not only reduced the proteins allergenicity due to modifications 
of their structures but also formed complexes with anti-allergic capacity possibly owing 
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CAPÍTULO 1. INTRODUÇÃO GERAL 
1.1.Introdução 
A alergia ao leite de vaca (ALV), reação adversa mediada imunologicamente a uma 
ou mais proteínas do leite, é o tipo mais comum de alergia alimentar na primeira fase da 
infância (MONACI et al., 2006). A ALV é caracterizada pela reação de hipersensibilidade 
do tipo imediata, a qual envolve a ativação de linfócitos T auxiliares 2 (Th2) e a produção 
de anticorpos IgE (fase de sensibilização) (VAN ESCH et al., 2011). A ligação de IgE ao 
receptor de alta afinidade (FcεRI) na superfície de mastócitos ou basófilos, seguida pela 
ligação cruzada desses anticorpos aos alérgenos alimentares causa a degranulação e 
liberação de mediadores inflamatórios (fase de desafio ou efetora) (VAN ESCH et al., 
2011). Os mediadores inflamatórios, tal como a histamina, são os responsáveis pelos 
sintomas típicos da alergia alimentar, como urticária, edema, vômito, diarreia, e até mesmo 
choque anafilático (MORISAWA et al., 2009; KNIPPING et al., 2012). 
Os alérgenos mais comuns do leite são as caseínas, a β-lactoglobulina (β-lg) e a α-
lactoalbumina (α-la). As caseínas representam cerca de 80% das proteínas do leite, 
enquanto a β-lg e a α-la representam 70-80% das proteínas do soro (KNIPPING et al., 
2012). O único tratamento de consenso para alergias alimentares é a eliminação do 
alimento alergênico da dieta (KATTAN, COCCO e JÄRVINEN, 2011). Porém, 
considerando-se que o leite bovino é uma importante fonte de nutrientes, principalmente na 
primeira fase da infância, diversas estratégias têm sido utilizadas visando reduzir a 
alergenicidade das proteínas do leite de forma que esse alimento não seja excluído da 
alimentação (KATTAN, COCCO e JÄRVINEN, 2011). Uma alternativa para crianças em 
alto risco ou diagnosticadas com ALV é a substituição do leite por fórmulas 
hipoalergênicas compostas de caseínas ou proteínas do soro parcial ou extensivamente 
hidrolisadas (VAN ESCH et al., 2011). Entretanto, em alguns casos, apenas a proteólise 
não elimina totalmente a alergenicidade das proteínas, o que acarreta a presença de 
alérgenos residuais (EL MECHERFI et al., 2011; VAN ESCH et al., 2011). Além disso, a 
hidrólise excessiva pode ainda gerar um produto pouco palatável e hipertônico (ZHENG et 
al., 2008). O gosto amargo dos hidrolisados (HIMONIDES, TAYLOR e MORRIS, 2011) é 
decorrente da produção de peptídeos pequenos (normalmente com massa molecular entre 
1.000 e 6.000 Da) e com resíduos de aminoácidos hidrofóbicos próximos ao terminal C da 
molécula (GONZÀLEZ-TELLO et al., 1994). 




Novas intervenções nutricionais na prevenção ou tratamento de alergias alimentares 
têm sido, então, investigadas. Probióticos, vitaminas, lipídeos e compostos fenólicos têm 
sido propostos como agentes que podem impactar tanto na fase de sensibilização como no 
alívio dos sintomas da reação alérgica (SINGH, HOLVOET e MERCENIER, 2011; 
MURARO et al., 2012; VAN DEN ELSEN et al., 2013). Os compostos fenólicos são 
metabólitos secundários de plantas produzidos como defesa contra agentes agressores e são 
muito conhecidos por sua bioatividade, tais como atividade antioxidante, modulação da 
atividade de algumas enzimas (enzimas antioxidantes e glutationa) e prevenção de 
inflamação crônica, doenças cardiovasculares, câncer e diabetes (MANACH et al., 2004; 
ACOSTA-ESTRADA, GUTIÉRREZ-URIBE e SERNA-SALDÍVAR, 2014; 
VELDERRAIN-RODRIGUEZ et al., 2014). Considerando-se que os compostos fenólicos 
estão amplamente distribuídos em alimentos de origem vegetal consumidos diariamente e 
que diversas bioatividades são atribuídas a esses compostos, a sua possível ação nas 
doenças alérgicas tem atraído a atenção de pesquisadores (SINGH, HOLVOET e 
MERCENIER, 2011; ABRIL-GIL et al., 2012). 
Alguns mecanismos moleculares têm sido propostos para explicar a ação 
antialérgica dos compostos fenólicos, como o efeito inibitório na ativação e degranulação 
de mastócitos (MAEDA-YAMAMOTO et al., 2004; VENKATESH et al., 2010) e na 
expressão de FCεRI na superfície dessas células (TAMURA et al., 2010). Compostos 
fenólicos podem também alterar a alergenicidade de proteínas devido à formação de 
complexos solúveis e insolúveis com essas macromoléculas (AKIYAMA et al., 2005; 
CHUNG e CHAMPAGNE, 2009; ZUERCHER et al., 2010; OGNJENOVIC et al., 2014; 
PLUNDRICH et al., 2014). A interação de compostos fenólicos com proteínas acarreta 
alterações na estrutura e propriedades físico-químicas das proteínas, tais como 
solubilidade, estabilidade térmica e digestibilidade (OZDAL, CAPANOGLU e ALTAY, 
2013). Assim, a complexação de compostos fenólicos com proteínas alergênicas pode 
acarretar modificações na alergenicidade da proteína devido à alteração de epítopos ou pela 
diminuição de sua biodisponibilidade (ZUERCHER et al., 2010; SINGH, HOLVOET e 
MERCENIER, 2011; PLUNDRICH et al., 2014). A redução da alergenicidade de proteínas 
de amendoim e ovo pela complexação com compostos fenólicos de diferentes fontes já foi 
demonstrada (ZUERCHER et al., 2010; OGNJENOVIC et al., 2014; PLUNDRICH et al., 
2014; SINGH et al., 2014; VESIC et al., 2015). Contudo, estudos do efeito da 
complexação de proteínas do leite com compostos fenólicos são, em sua maioria, voltados 




para o impacto da complexação na bioatividade e biodisponibilidade dos compostos 
fenólicos (WU et al., 2012; BOURASSA et al., 2013; MOSER et al., 2014; 
SHPIGELMAN et al., 2014; LI et al., 2015).  
A produção de novos alimentos funcionais contendo diferentes componentes 
alimentares pode trazer benefícios à saúde além daqueles decorrentes de componentes 
alimentares individuais (WEGRZYN et al., 2008). Tendo em vista que a estrutura dos 
compostos fenólicos é um dos fatores que afetam as interações proteína-composto fenólico, 
para o presente estudo foram escolhidos dois compostos fenólicos de estruturas bem 
distintas: ácido cafeico e epigalocatequina galato. Os ácidos fenólicos apresentam grande 
afinidade de ligação por proteínas; o ácido cafeico, por ser o mais comumente encontrado 
em alimentos tais como café e frutas cítricas, foi escolhido para o estudo (MANACH et al., 
2004; CHUNG e CHAMPAGNE, 2009; SINGH, HOLVOET e MERCENIER, 2011). A 
epigalocatequina, por sua vez, é um flavonoide proveniente do chá verde que possui 
propriedades antialérgicas devido ao seu efeito inibitório na degranulação de mastócitos, 
liberação de histamina e captação de proteínas pelos monócitos (FUJIMURA et al., 2002; 
OGNJENOVIC et al., 2014).  
 
Hipótese 
A complexação com compostos fenólicos acarreta modificações na estrutura 
proteica que culminam na redução da alergenicidade do isolado proteico do soro, bem 
como na sua capacidade de sensibilização oral. A estratégia aqui apresentada pode 
contribuir para produção de alimentos seguros, nutricional e funcionalmente adequado para 
indivíduos alérgicos ao leite de vaca. 
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CAPÍTULO 2. REVISÃO BIBLIOGRÁFICA 
2.1. Alergia alimentar 
A alergia alimentar é caracterizada pela reação de hipersensibilidade mediada 
imunologicamente a algum alimento e afeta cerca de 6% das crianças na primeira fase da 
infância e 3-4% dos adultos (WANG e SAMPSON, 2011). Essa doença pode ser mediada 
por anticorpos IgE (reações de hipersensibilidade do tipo imediata), por células (reações do 
tipo tardia) ou uma combinação de ambas (EIGENMANN, 2009; WANG e SAMPSON, 
2011). Embora essas diferentes formas de alergia alimentar apresentem quadros clínicos 
variados, elas provavelmente compartilham uma fisiopatologia comum, com um prévio 
contato com o antígeno alimentar (sensibilização) e ativação de linfócitos T auxiliares do 
tipo 2 (Th2) (EIGENMANN, 2009; WANG e SAMPSON, 2011). As reações mediadas por 
IgE são as mais comuns e são conhecidas como reações de hipersensibilidade do tipo 
imediata porque ocorrem imediatamente ou dentro de 2 horas após a exposição ao alimento 
(WANG e SAMPSON, 2011).  
A sensibilização inicial aos alérgenos alimentares pode ocorrer devido ao aumento 
da permeabilidade intestinal (EIGENMANN, 2009; WANG e SAMPSON, 2011). A 
mucosa intestinal funciona como barreira física para antígenos, entretanto nos primeiros 
anos de vida, não há produção de proteases, ácido gástrico e mucina em quantidades 
suficientes para digerir e impedir a passagem desses antígenos pela barreira intestinal, o 
que torna as crianças mais jovens mais propensas a desenvolver alergias alimentares 
(EIGENMANN, 2009). Exposições cutâneas ou respiratórias aos alergénos alimentares e o 
uso contínuo de inibidores de bombas de prótons (antiácidos) também têm sido 
relacionados à sensibilização inicial (UNTERSMAYR e JENSEN-JAROLIM, 2006; 
EIGENMANN, 2009; FLOHR et al., 2014). Além disso, os alérgenos contêm fatores 
enzimáticos ou irritantes que facilitam sua passagem pelas barreiras protetoras (mucosa 
intestinal ou respiratória e epiderme) (KUMAR et al., 2012). Ao ultrapassarem essas 
barreiras, os alérgenos alimentares encontrarão as células apresentadoras de antígenos 
(principalmente células dendríticas), as quais irão processá-los e apresentá-los aos 
linfócitos T (EIGENMANN, 2009; KUMAR et al., 2012). Os linfócitos T reconhecem o 
antígeno via molécula do complexo principal de histocompatibilidade classe II (MHC-II) 
presente em sua superfície, o que pode resultar em tolerância oral ou em sensibilização 
 




alérgica em indivíduos geneticamente predispostos (EIGENMANN, 2009; KUMAR et al., 
2012).  
Após reconhecer o antígeno, os linfócitos T se diferenciam em células Th2 e 
secretam citocinas, tais como IL-4, IL-5, IL-9 e IL-13, as quais induzem a produção de 
anticorpos IgE específicos ao antígeno pelos linfócitos B (WANG e SAMPSON, 2011; 
KUMAR et al., 2012) . Os anticorpos IgE, por sua vez, se ligam à um receptor de IgE de 
alta afinidade na superfície de mastócitos ou basófilos denominado FcεRI (KUMAR et al., 
2012). Durante a re-exposição ao alérgeno, a ligação do antígeno às moléculas de IgE 
resulta em ligações cruzadas de FcεRI, o que, eventualmente, pode provocar a 
degranulação dos mastócitos ou basófilos e a liberação de mediadores inflamatórios (VAN 
ESCH et al., 2011). Os sintomas mais comuns da alergia alimentar - urticária, edema, 
vômito, diarreia, e até mesmo o choque anafilático - são resultado da ação desses 
mediadores inflamatórios (MORISAWA et al., 2009b; KNIPPING et al., 2012).  
A indução da tolerância é uma via imune normal que ocorre no intestino após a 
exposição aos alérgenos (KUMAR et al., 2012). Acredita-se que a alergia alimentar seja 
oriunda de uma falha durante a indução de tolerância oral ou da perda dessa tolerância, 
entretanto o mecanismo pelo qual essa falha ocorre ainda não foi totalmente elucidado 
(WANG e SAMPSON, 2011). Em parte, esse mecanismo pode estar relacionado à dose do 
alérgeno consumido (KUMAR et al., 2012). Na presença de altas doses do alérgeno, a 
tolerância é principalmente causada pela deleção clonal por apoptose ou anergia clonal dos 
clones de células T antígeno específicas. Quando o antígeno alimentar encontra-se em 
baixas concentrações, a tolerância é induzida pelas células T reguladoras (Treg). Esse 
mecanismo é considerado um mecanismo central de indução da tolerância por antígenos 
alimentares (KIEWIET et al., 2015). 
As células Treg participam da manutenção da tolerância a antígenos próprios pela 
supressão mediada por contato célula-célula ou a liberação de citocinas anti-inflamatórias 
tais como interleucina 10 (IL-10) e fator de crescimento e transformação beta 1 (TGF-β1) 
(CASTRO-JUNIOR et al., 2012). Oida et al. (2003) mostraram que células Treg que 
expressam TGF-β1 em sua membrana associado ao peptídeo latente-associado (LAP), 
denominadas células LAP
+
, desempenharam papel fundamental  no processo de indução e 
manutenção tolerância oral. Outro marcador importante das populações de células T 
reguladoras é o fator de transcrição “forkhead box p3” (Foxp3) (SAKAGUCHI e 




 tende a ser baixa em 
 




indivíduos alérgicos e alta em indivíduos tolerantes (KROGULSKA et al., 2011; 
DHUBAN et al., 2013). Além disso, recentemente tem sido sugerido que células Th17 
podem se diferenciar em células T reguladoras dependendo do contexto ambiental, 
indicando que IL-17 pode ser um potente biomarcador de tolerância oral (UENO et al., 
2018).  
No que se refere ao diagnóstico de alergias alimentares mediadas por IgE, o teste 
duplo cego de provocação oral controlado por placebo (TPODCPC), no qual o possível 
alérgeno é gradualmente ingerido sob supervisão, é considerado padrão ouro (WANG e 
SAMPSON, 2011; TURNER e BOYLE, 2014). Entretanto, testes cutâneos (skin prick 
tests) e dosagens de IgE específica no soro são comumente utilizados com essa finalidade 
(WANG e SAMPSON, 2011; TURNER e BOYLE, 2014). Esses testes ainda apresentam 
baixa precisão e não predizem a severidade das reações alérgicas, em especial os testes de 
dosagem de IgE específica, pois refletem a fase de sensibilização, a qual nem sempre 
acarreta em reatividade clínica (WANG e SAMPSON, 2011; TURNER e BOYLE, 2014). 
Nesse sentido, considerando que o tratamento de consenso para alergias alimentares é 
evitar a exposição ao alimento alergênico, a presença de sensibilização ao alérgeno deve 
ser interpretada com cautela, a fim de se evitar restrições alimentares desnecessárias 
(DAMBACHER et al., 2013; HOCHWALLNER et al., 2014). 
A imunoterapia oral (ITO) tem sido utilizada para reduzir a sensibilidade de 
pacientes alérgicos a antígenos alimentares e tem mostrado ser uma técnica segura e 
efetiva (FREELAND et al., 2017). Essa estratégia consiste na ingestão de pequenas doses 
de alérgeno, as quais vão aumentando com o tempo de tratamento (meses ou anos) de 
forma gradual (NADEAU et al., 2012; FREELAND et al., 2017). De forma sintetizada, a 
ITO é dividida em algumas etapas, as quais foram descritas por Freeland et al., 2017. 
Primeiramente, a alergia alimentar é confirmada através de TPODCPC e, uma vez 
diagnosticada, a ITO é iniciada através da determinação da maior dose tolerada pelo 
indivíduo. Após essa triagem inicial de doses, a maior dose tolerada é utilizada para dar 
início à fase de escala de doses, na qual as doses são aumentadas a cada uma ou duas 
semanas até que o indivíduo desenvolva tolerância à dose alvo (previamente estipulada). 
Inicia-se então a fase de manutenção, na qual o paciente ingere doses diárias do alérgeno 
durante meses ou até mesmo anos. Ao final da fase de manutenção, a dessensibilização é 
investigada através de novo TPODCPC. Caso aumento significativo da dose tolerada a um 
nível que seja protetor contra exposições acidentais ao alérgeno seja alcançado, a ITO é 
 




considerada bem sucedida. Após um período de algumas semanas até meses sem contato 
com o alérgeno, se o paciente apresentar tolerância à dose alvo do alérgeno em TPODCPC, 
a ausência de resposta sustentada é confirmada. Isso significa que mesmo sem exposição 
regular ao alérgeno, a resposta imune à dose alvo é reduzida. Os mecanismos da ITO ainda 
não foram totalmente elucidados, mas a redução das concentrações séricas de IgE 
específicas, a mudança de perfil de citocinas de Th2 para Th1 e a redução da reatividade de 
mastócitos e basófilos são fatores que podem estar envolvidos na indução da tolerância 
oral (NADEAU et al., 2012; FREELAND et al., 2017). 
 
2.2. Alergia ao leite de vaca e proteínas alergênicas do leite 
Os alimentos mais alergênicos - amendoim, soja, ovo, leite, peixe, frutos do mar, 
trigo e nozes - são responsáveis pela maioria das reações alérgicas aos alimentos em todo o 
mundo e são conhecidos como “Big eight” (KUMAR et al., 2012). Dentre eles, o leite de 
vaca é o alérgeno alimentar mais comum para a população infantil, pois, muitas vezes, ele 
é o primeiro alimento proteico ingerido por bebês, o que pode levar à sensibilização 
alérgica precoce (HOCHWALLNER et al., 2014). Cerca de 2 a 3% das crianças menores 
de dois anos de idade sofrem de alergia alimentar ao leite de vaca, sendo que 60% delas 
apresenta resposta alérgica mediada por IgE (LIU, NAVARRO e LOPATA, 2016). A 
alergia ao leite se manifesta, principalmente, pelas caseínas e pelas duas principais 
proteínas do soro: α-la e β-lg.  
O leite bovino contém entre 30 e 35 g/L de proteínas (WAL, 2004). Quando o leite 
desnatado é acidificado (pH 4,6), duas frações são obtidas: o coágulo contendo as caseínas, 
que representam 80% das proteínas do leite, e o soro, o qual contém aproximadamente 
20% das proteínas do leite (WAL, 2004; KNIPPING et al., 2012). No coágulo, a fração de 
caseína (Bos d 8, Bos domesticus) compreende quatro proteínas que, isoladamente, são 
compostos químicos bem definidos, entretanto, elas se ligam de forma cruzada para formar 
agregados ordenados (micelas) em suspensão no soro (WAL, 2004). A proporção dessas 
proteínas nas micelas é relativamente constante: 32% de αS1-caseína (Bos d 9), 10% de 
αS2-caseína (Bos d 10), 28% de β-caseína (Bos d 11) e 10% de κ-caseína (Bos d 12), sendo 
que αS1-caseína é o alérgeno mais importante dessa fração (WAL, 2004; 
HOCHWALLNER et al., 2014).  
O soro de leite contém, além das proteínas, lactose, vitaminas, minerais e traços de 
gordura (KRISSANSEN, 2007). O “soro ácido” é obtido quando a remoção da caseína é 
 




feita pela adição de ácido (pH 4,6), e o “soro doce” é obtido quando a remoção da caseína 
é feita pela ação da enzima renina. Este último contém maior quantidade de peptídeos e 
aminoácidos livres resultantes da ação da renina sobre as caseínas (SGARBIERI, 1996). 
Após a ultrafiltração do soro do leite, obtém-se o isolado proteico do soro (IPS), que 
contém aproximadamente 90% de proteínas e possui quantidades praticamente nulas de 
gorduras e lactose  (ESPINOZA, MORAWICKI e HAGER, 2012; GANJU e GOGATE, 
2017). 
As proteínas representam 10% dos sólidos do soro de leite (JAUREGI e 
WELDERUFAEL, 2010) e são ricas em aminoácidos essenciais, aminoácidos de cadeia 
ramificada e aminoácidos sulfurados. A presença de aminoácidos de cadeia ramificada 
como leucina, isoleucina e valina é interessante do ponto de vista nutricional, pois a 
leucina, por exemplo, é considerada iniciadora de síntese muscular (BIASUTTI, 2006; 
JAUREGI e WELDERUFAEL, 2010). Peptídeos derivados das proteínas do soro 
apresentam ainda atividades fisiológicas específicas, tais como imunomoduladora, 
antitumoral, antimicrobiana e antiviral, anticancerígena, protetora da mucosa gástrica 
contra agentes agressores, anti-hipertensiva e antioxidante (MADADLOU et al., 2011; 
PANCHAUD, AFFOLTER e KUSSMANN, 2012; UDENIGWE e ALUKO, 2012; 
WANG et al., 2012). As duas principais proteínas do soro, α-lactoalbumina (α-la, Bos d 4) 
e β-lactoglobulina (β-lg, Bos d 5), são as mais alergênicas e representam 50-80% das 
proteínas totais do soro (SGARBIERI, 1996; KNIPPING et al., 2012). Outros alérgenos 
encontrados no soro de leite são soro albumina bovina (BSA, Bos d 6), imunoglobulinas 
(Ig, Bos d 7) e traços de lactoferrina (LF, Bos d lactoferrin) (HOCHWALLNER et al., 
2014). A tabela 2.1 resume as principais características dos alérgenos encontrados no soro 













Tabela 2.1: Principais características das proteínas alergênicas do soro de leite bovino.  
Proteína  Concentração 
no soro de leite 
(%)* 
Tamanho 















Ligante de cálcio e 
componente 
regulatório da 









Possui 9 fitas de 
folhas-β 
antiparalelas e uma 





componente do soro 




Albumina de soro 
bovino (BSA) 
~7 582 66 Possui 17 ligações 
dissulfeto 
intramoleculares e 
um grupo SH livre 
no resíduo 34 
 
Transporte de 




~13 Variam entre 
110 e 440 de 
acordo com a 
classe de Ig e o 
tamanho das 
cadeias (leve ou 
pesada)** 
  
IgG: ~160  
IgA: ~370   










Lactoferrina ~0,1 689 ~76 Possui uma cadeia 
polipeptídica 
simples dobrada 




Ligante de íon ferro 
*Em relação às proteínas totais do soro de leite (ABD EL-SALAM e EL-SHIBINY, 2018) 
**Fonte: Butler, 1969 
aas = aminoácidos 
 
A α-la é uma proteína monomérica globular com 123 resíduos de aminoácidos com 
massa molecular de 14,4 kDa e quatro pontes dissulfeto, as quais estabilizam sua estrutura 
(MOHAMMADI e MOEENI, 2015). Essa proteína é um componente regulatório do 
sistema enzimático da galactosil-transferase responsável pela síntese de lactose (WAL, 
2001) e possui um único sítio forte ligante de cálcio, chamado loop de ligação de cálcio 
(MOHAMMADI e MOEENI, 2015). Duas variantes genéticas (A e B) da α-la já foram 
identificadas, mas, somente a variante B tem sido observada em leites das raças bovinas 
ocidentais (SGARBIERI, 1996). 
A β-lg corresponde à aproximadamente metade do total das proteínas do soro do 
leite, e não possui uma proteína homóloga no leite humano (WAL, 2004; SEVERIN e 
XIA, 2006). Essa proteína tem nove fitas de folhas-β antiparalelas e uma α-hélice curta na 
 




extremidade N-terminal (NEGRONI, 1998) e ocorre naturalmente na forma de um dímero 
de 36 kDa em equilíbrio com formas monoméricas em pH fisiológico (pH 6,7) (WAL, 
2001; CHEISON et al., 2011). Cada subunidade corresponde a um polipeptídeo de 162 
resíduos de aminoácidos contendo cinco resíduos de cisteína, dos quais quatro estão 
envolvidos em ligações dissulfeto intracadeia (SÉLO et al., 1999) e são responsáveis pela 
sua estrutura (EMERTON, 2002). Existem nove variantes genéticas conhecidas da β-lg: A, 
B, C, D, E, H, I, J, e W (CHEISON et al., 2011), mas as duas principais são A e B. Essas 
duas variantes diferem em apenas dois pontos: nos resíduos 64 e 118, ácido aspártico e 
valina na β-lg A e glicina e alanina na β-lg B (WAL, 2001). Essa proteína pertence à 
família das lipocalinas e é considerada de alto potencial alergênico (WAL, 2001). Além 
disso, tem a capacidade de se ligar a vários compostos hidrofóbicos, tais como retinol, 
ácidos graxos e algumas drogas (KURPIEWSKA et al., 2018). 
A albumina de soro bovino (BSA) apresenta massa molecular de 66 kDa, é 
constituída por 582 resíduos de aminoácidos e está presente no soro em concentrações de 
0,1 a 0,4 g/L. (TARDIOLI, 2003; WAL, 2004). Essa proteína possui 17 ligações dissulfeto 
intramoleculares e um grupo SH livre no resíduo 34 e é responsável pelo transporte de 
ácidos graxos no sistema sanguíneo (TARDIOLI, 2003).  
As imunoglobulinas (Ig) pertencem à família de glicoproteínas e estão presentes no 
soro de leite bovino na quantidade de 0,6 a 1 g/L (TARDIOLI, 2003; WAL, 2004). A 
função primária das Ig é prover proteção imunológica ao bezerro, porém essas proteínas 
atraem atenção dos pesquisadores devido à sua capacidade de modular a resposta imune 
em humanos (BOGAHAWATHTHA, CHANDRAPALA e VASILJEVIC, 2017). As Ig 
bovinas são classificadas em três classes principais, dependendo de sua estrutura: IgG, IgM 
e IgA (BOGAHAWATHTHA, CHANDRAPALA e VASILJEVIC, 2017). A estrutura 
básica monomérica de todas as Ig é similar e é composta por quatro subunidades de 
polipeptídeos, formando uma molécula em forma de Y (BOGAHAWATHTHA, 
CHANDRAPALA e VASILJEVIC, 2017). Essas subunidades são: duas cadeias 
polipeptídicas de 20 kDa (cadeias leves) e duas cadeias polipeptídicas de 50 a 70 kDa 
(cadeias pesadas) unidas por ligações dissulfeto (TARDIOLLI, 2003). IgG aparece em sua 
forma monomérica (~160 kDa), enquanto IgA (~370 kDa) e IgM (~1000 kDa) apresentam-
se em forma polimérica (BOGAHAWATHTHA, CHANDRAPALA e VASILJEVIC, 
2017). As imunoglobulinas desnaturam-se em temperaturas mais elevadas que α-la e β-lg, 
 




mas na presença de outras proteínas do soro são extremamente termolábeis, devido à 
interação por meio de ligações dissulfeto com β-lg e BSA (TARDIOLI, 2003).  
A lactoferrina é uma glicoproteína ligante de ferro, pertencente à família das 
transferrinas, que existe tanto no leite humano quanto no leite bovino (ADLEROVA, 
BARTOSKOVA e FALDYNA, 2008; LI et al., 2012). Esta proteína tem massa molecular 
de aproximadamente 76 kDa e está presente no leite bovino em concentração de 0,1 g/L 
(JAUREGI e WELDERUFAEL, 2010). A lactoferrina se caracteriza por uma cadeia 
polipeptídica simples contendo 689 resíduos de aminoácidos, dobrada em duas metades 
homólogas conhecidas como domínios globulares que representam suas extremidades N e 
C-terminal (BAKER, BAKER e KIDD, 2002; ADLEROVA, BARTOSKOVA e 
FALDYNA, 2008; SHARMA, CHAKRABORTY e GUPTA, 2015). Cada domínio é 
capaz de se ligar a um átomo de ferro férrico (BAKER, BAKER, et al., 2002; 
ADLEROVA, BARTOSKOVA, et al., 2008). Quando ferro está ligado em ambos os 
domínios, a molécula de lactoferrina é mais compacta, o que aumenta sua resistência ao 
aquecimento e proteólise (FRANCO et al., 2018). 
 
2.3. Estratégias para reduzir a alergenicidade das proteínas do leite 
O único tratamento de consenso para alergias alimentares ainda é a eliminação do 
alimento alergênico da dieta. A eliminação do leite pode causar problemas nutricionais, 
pois esse alimento é uma importante fonte de gorduras e proteínas na primeira infância 
(KATTAN, COCCO e JÄRVINEN, 2011). Entretanto, em casos de alergia ao leite e ao 
ovo, a eliminação dietética rigorosa não é necessária para muitas crianças, pois muitas 
delas (~70%) são capazes de tolerar o alérgeno quando extensivamente aquecido em 
alimentos assados, tais como bolos e biscoitos (NOWAK-WEGRZYN e SAMPSON, 
2011; TURNER e BOYLE, 2014). Assim, diversas estratégias têm sido utilizadas visando 
reduzir a alergenicidade das proteínas do leite de forma que esse alimento não seja 
excluído da alimentação. Essas estratégias se baseiam na destruição de epítopos, os quais 
são definidos como a porção específica de um antígeno macromolecular à qual um 
anticorpo se liga (ABBAS, 2009). Epítopos podem ser sequenciais, os quais incluem 
aminoácidos consecutivos ao longo da estrutura primária da proteína ou conformacionais, 
que consistem de aminoácidos que são dispostos muito próximos devido à estrutura 
terciária da proteína (ALBRECHT et al., 2009; WANG, 2011). A estrutura tridimensional 
 




é uma importante característica na alergenicidade das proteínas do leite, pois os epítopos 
são numerosos e extensivamente distribuídos ao longo das moléculas das proteínas do leite 
(WAL, 2001). A estrutura tridimensional da β-lg, por exemplo, está intimamente 
relacionada com sua alergenicidade. A estrutura proteica da β-lg é resistente à hidrólise 
ácida e às enzimas digestivas, o que permite a passagem de epítopos em sua forma intacta 
pela mucosa intestinal, mantendo, assim, a alergenicidade proteica (EMERTON, 2002; 
WAL, 2004).  
As estratégias mais utilizadas para redução da alergenicidade das proteínas do leite 
envolvem desnaturação térmica, fermentação, polimerização, tratamento a alta pressão, 
micro-ondas e hidrólise química ou enzimática. A hidrólise enzimática, que consiste na 
clivagem de ligações peptídicas, é muito utilizada para produção de fórmulas 
hipoalergênicas compostas de caseínas ou proteínas do soro, as quais se apresentam como 
uma boa alternativa para crianças em alto risco de desenvolvimento de ALV ou 
diagnosticadas com essa doença (VAN ESCH et al., 2011). Essas fórmulas podem ser 
classificadas como parcial ou extensivamente hidrolisadas de acordo com o grau de 
hidrólise e podem ser caracterizadas pela avaliação da distribuição de peso molecular 
(VAN ESCH et al., 2011). Entretanto, a alergenicidade residual não pode ser avaliada 
baseando-se apenas na distribuição de peso molecular dos peptídeos, pois, em alguns 
casos, apenas a proteólise não reduz totalmente a alergenicidade das proteínas, o que 
acarreta na presença de alérgenos residuais (EL MECHERFI et al., 2011; VAN ESCH et 
al., 2011). Diferenças no tamanho dos peptídeos formados, variações nas fontes proteicas e 
nos métodos de hidrólise podem modificar o efeito preventivo das fórmulas 
hipoalergênicas (VAN ESCH et al., 2011). Além disso, Meulenbroek et al. (2014) 
demonstraram que o grau de hidrólise não é decisivo na alergenicidade residual, mas sim a 
presença e estabilidade de epítopos ligantes de IgE e células T. Nesse sentido, por razões 
de segurança, a hipoalergenicidade de fórmulas infantis deve ser avaliada pela 
demonstração de que essas fórmulas não são capazes de sensibilizar animais para as fontes 
de proteínas das quais elas são derivadas (VAN ESCH et al., 2011). Além disso, essas 
fórmulas podem apresentar algumas desvantagens, como o gosto amargo e a 
hipertonicidade em função da hidrólise excessiva (ZHENG et al., 2008). O gosto amargo 
dos hidrolisados (HIMONIDES, TAYLOR e MORRIS, 2011) é decorrente da produção de 
peptídeos pequenos (normalmente com massa molecular entre 1.000 e 6.000 Da) e com 
 




resíduos de aminoácidos hidrofóbicos próximos ao terminal C da molécula (GONZÀLEZ-
TELLO et al., 1994). 
Nesse sentido, novas intervenções nutricionais na prevenção ou tratamento de 
alergias alimentares têm sido investigadas, como o uso de probióticos, vitaminas, lipídeos 
e compostos fenólicos como agentes promissores que podem impactar tanto na fase de 
sensibilização como no alívio dos sintomas da reação alérgica (SINGH, HOLVOET e 
MERCENIER, 2011; MURARO et al., 2012; VAN DEN ELSEN et al., 2013). Uma vez 
que os compostos fenólicos estão amplamente distribuídos em alimentos de origem vegetal 
consumidos diariamente e que diversas bioatividades têm sido atribuídas a esses 
compostos, a sua possível ação nas doenças alérgicas têm começado a ser investigada 
(SINGH, HOLVOET e MERCENIER, 2011; ABRIL-GIL et al., 2012).  
 
2.4. Propriedade antialérgica dos compostos fenólicos 
Compostos fenólicos são metabólitos secundários das plantas produzidos como 
defesa contra agentes agressores, como radiação ultravioleta, patógenos e predadores 
(MANACH et al., 2004). Algumas atividades benéficas à saúde de alimentos como cereais, 
vegetais, legumes, frutas e seus alimentos processados (sucos, chás e vinhos) têm sido 
relacionadas a esses compostos (VELDERRAIN-RODRIGUEZ et al., 2014; JAKOBEK, 
2015). As atividades mais conhecidas dos compostos fenólicos são a antioxidante, a 
modulação da atividade de algumas enzimas, como as enzimas antioxidantes da glutationa 
(glutationa peroxidase e glutationa redutase), e a prevenção de inflamação crônica, doenças 
cardiovasculares, câncer e diabetes (ACOSTA-ESTRADA, GUTIÉRREZ-URIBE e 
SERNA-SALDÍVAR, 2014; VELDERRAIN-RODRIGUEZ et al., 2014).  
A estrutura química dos compostos fenólicos consiste de pelo menos um anel 
aromático com um ou mais grupos hidroxila ligados e sua classificação está em função do 
número de anéis e da maneira que esses anéis se ligam uns aos outros (MANACH et al., 
2004; CROZIER, JAGANATH e CLIFFORD, 2009). De acordo com essa classificação, os 
compostos fenólicos são divididos em ácidos fenólicos, flavonoides, estilbenos e lignanas 
(MANACH et al., 2004). A Figura 2.1 mostra as estruturas químicas mais comuns de 
compostos fenólicos, que podem variar de moléculas muito simples, como os ácidos 
fenólicos, até moléculas muito complexas, como polímeros de taninos (VELDERRAIN-
RODRIGUEZ et al., 2014; JAKOBEK, 2015). Cerca de 8.000 moléculas contendo 
 




estrutura polifenol foram identificadas em diversas classes de plantas, sendo que centenas 
















Figura 2.1: Complexidade e massa molecular das estruturas químicas mais comuns de diferentes 
classes de compostos fenólicos em alimentos de origem vegetal. Adaptado de Velderrain-
Rodrigúez et al. (2014). 
 
Os flavonoides são os compostos fenólicos mais numerosos nos alimentos 
(CROZIER, JAGANATH e CLIFFORD, 2009). Essa classe de composto fenólico 
apresenta um esqueleto composto de 15 carbonos com dois anéis aromáticos ligados por 
uma ponte de três carbonos e pode ainda ser subdividida em flavonóis (catequinas e 
proantocianinas), flavonas, flavonols, antocianinas, flavononas e isoflavonas (CROZIER, 
JAGANATH e CLIFFORD, 2009), conforme demonstrado na Figura 2.2. Essas subclasses 
são diferenciadas pelo grau de insaturação e pelo grau de oxidação do segmento de três 
carbonos (JAKOBEK, 2015). 
O efeito de alguns compostos fenólicos na prevenção e tratamento da alergia 
alimentar está começando a ser investigado, e os resultados têm sido promissores. Maeda-
Yamamoto et al. (2004) demonstraram o efeito inibitório de algumas catequinas de chá na 



































epigalocatequinas na expressão de FCεRI na superfície de mastócitos. Venkatesh et al. 
(2010) demonstraram o efeito inibitório de extratos ricos em catequinas na ativação de 
mastócitos. Okada et al. (2012) observaram que camundongos alimentados com resveratrol 
não desenvolveram alergia alimentar após sensibilização com ovoalbumina, sugerindo que 
o resveratrol pode apresentar potencial para a prevenção de alergia alimentar. Abril-Gil et 



















Até o momento, os principais compostos fenólicos com propriedades antialérgicas 
comprovadas são os ácidos fenólicos (ferúlico, caféico, gálico e clorogênico), as catequinas 
e epicatequinas, e a quercitina (SINGH, HOLVOET e MERCENIER, 2011). Estes 
compostos estão presentes em diferentes berries, maçãs, chá verde, cacau e chocolate 
(SINGH, HOLVOET e MERCENIER, 2011). O ácido cafeico, por exemplo, é um 
metabólito do ácido clorogênico que está amplamente presente não somente no café, mas 
também em frutas cítricas (HOSSEN et al., 2006). O mecanismo específico da ação 
antialérgica desse ácido fenólico ainda não foi totalmente elucidado, mas a inibição da 
liberação de histamina por mastócitos já foi demonstrada (HOSSEN et al., 2006). O chá 
Figura 2.2: Principais subclasses de flavonoides. Adaptado de Crozier, 
Jaganath e Clifford (2009).  
Esqueleto flavonoide 
Flavonol Flavona Flavan-3-ol 
Antocianidina Flavonona Isoflavona 
 




verde é umas das mais ricas fontes em antioxidantes e é conhecido por ser rico em 
catequinas (VESIC et al., 2015). A mais importante delas, epigalocatequina-3-galato 
(EGCG), possui propriedades antialérgicas devido ao seu efeito inibitório na degranulação 
de mastócitos e liberação de histamina, e na captação de proteínas pelos monócitos 
(FUJIMURA et al., 2002; OGNJENOVIC et al., 2014). As estruturas químicas do ácido 









2.5. Interação de compostos fenólicos com proteínas e seu impacto na alergia 
alimentar 
A grande diversidade de estruturas dos compostos fenólicos resulta em diferentes 
características físico-químicas, tais como solubilidade e polaridade (JAKOBEK, 2015). 
Fenólicos maiores, por exemplo, apresentam maior número de grupos hidroxila, o que 
possibilita mais interações entre suas próprias moléculas ou com outras moléculas do meio 
(JAKOBEK, 2015). Lipídeos, carboidratos e proteínas geralmente encontram-se na mesma 
matriz que os compostos fenólicos, o que pode propiciar interações entre essas moléculas 
(JAKOBEK, 2015). Além disso, muitos desses nutrientes são macromoléculas de 
estruturas complexas e porosas, as quais podem aprisionar os compostos fenólicos 
(JAKOBEK, 2015).  
A interação de compostos fenólicos com proteínas pode ocorrer de forma reversível 
ou irreversível (OZDAL, CAPANOGLU e ALTAY, 2013). As principais formas de 
interação entre proteínas e compostos fenólicos estão esquematizadas na Figura 2.4. 
Enquanto as interações do tipo reversíveis envolvem forças não covalentes, como ligações 
de hidrogênio, de Van der Waals e interações hidrofóbicas, nas interações do tipo 
irreversível ligações covalentes são formadas entre os polifenóis e as proteínas (OZDAL, 
CAPANOGLU e ALTAY, 2013). A reação de compostos fenólicos com proteínas pode, 
Figura 2.3: Estrutura química do ácido cafeico e da epigalocatequina-3-galato 
 




ainda, induzir ligação cruzada de proteínas (OZDAL, CAPANOGLU e ALTAY, 2013). 
Diversos parâmetros podem afetar as interações proteína-composto fenólico, tais como 
temperatura, pH, tipo e concentração de proteína, tipos e estruturas de compostos 
fenólicos, concentração de sal e outros reagentes no meio (OZDAL, CAPANOGLU e 
ALTAY, 2013).  
A interação de proteínas do leite com alimentos ricos em polifenóis tem sido 
estudada. Hasni et al. (2011) demonstraram que polifenóis de chá, como (+)-catequina (C), 
(+)-epicatequina (EC), (+)-epigalocatequina (EGC) e (+)-epigalocatequina galato (EGCG), 
se ligam fracamente à α-caseína e β-caseína através de interações hidrofóbicas e 
hidrofílicas. Kanakis et al. (2011) investigaram a interação de β-la com os mesmos 
compostos fenólicos e concluíram que interações hidrofóbicas e hidrofílicas estão 
envolvidas na formação dos complexos. Wu et al. (2011) em estudo da interação de β-lg 
com EGC demonstraram mudança da conformação nativa da proteína devido ao 
recobrimento da molécula de β-lg por EGC.  
 
 
Figura 2.4: Tipos de interações que podem ocorrer entre proteínas e compostos 
fenólicos. Adaptado de Le Bourvellec e Renard (2012).  
 




A interação de compostos fenólicos com proteínas pode acarretar mudanças 
estruturais, funcionais e nutricionais em ambas as moléculas, o que pode impactar na 
absorção, metabolismo e ação desses compostos (OZDAL, CAPANOGLU e ALTAY, 
2013; JAKOBEK, 2015; PLUNDRICH et al., 2015). Essas alterações também podem 
causar alterações na alergenicidade da proteína (SINGH, HOLVOET e MERCENIER, 
2011). A interação de compostos fenólicos com proteínas pode modular o processo de 
sensibilização alérgica e seu efeito direto nas células efetoras alérgicas, como inibição da 
liberação de mediadores pelos mastócitos, resultando em alívio dos sintomas (SINGH, 
HOLVOET e MERCENIER, 2011). Portanto, a complexação de proteínas alergênicas com 
compostos fenólicos pode impactar tanto na prevenção como no tratamento das alergias 
alimentares (SINGH, HOLVOET e MERCENIER, 2011). Chung e Champagne (2009) 
relataram redução da ligação de anticorpos IgE à amostras de amendoim tratadas com 
ácidos caféico, ferúlico e clorogênico. Plundrich et al. (2014) investigaram a 
alergenicidade de farinha de amendoim fortificada com polifenóis derivados de vários 
sucos e extratos de plantas e observaram redução da ligação de IgE e da capacidade de 
degranulação. Os autores explicaram esses resultados pelas modificações na estrutura 
secundária das proteínas alergênicas ou pelo mascaramento de epítopos resultante da 
própria interação proteína-composto fenólico e sugeriram potencial aplicação dessas 
matrizes para imunoterapia oral. A Tabela 2.2 resume os estudos realizados até agora sobre 








Tabela 2.2: Complexos de proteína com compostos fenólicos e seus efeitos antialérgicos 












Redução da capacidade de ligação 
à IgE 
Precipitação de proteínas 
alergênicas (Ara h 1 e Ara h 2) 
Chung & 
Champagne, 2009 
Ovo (ovalbumina) Extrato de maçã rico 
em polifenóis 




Redução da alergenicidade de 
OVA e redução da degranulação 
de mastócitos 
Modificação de epítopos devido à 
interação de OVA com polifenóis 
presentes no extrato 
Zuercher et al., 2010 




Redução da capacidade de ligação 
à IgE e IgG 
Mascaramento de epítopos devido à 
ligação das catequinas à β-lg e 
mudança de estrutura proteica 
 
Wu et al., 2012 
Ovo (ovalbumina) EGCG Ligações não 
covalentes 
Redução da taxa de captação de 
antígenos por células 
apresentadoras de antígenos  
Ligação do fenólico à epítopos da 







Extratos e sucos de 
plantas ricas em 
polifenóis 
Ligações 
covalentes e não 
covalentes 
Redução da capacidade de ligação 
à IgE e redução da degranulação 
de mastócitos 
Mudanças na estrutura secundária 
dos principais alérgenos (Ara h 1, 
Ara h 2, Ara h 3, and Ara h 6) e 
mascaramento de epítopos  
Plundrich et al., 2014 
Amendoim 
(farinha) 
Suco de cranberry e 
extrato de chá verde 
Ligações 




Redução da imunorreatividade 
(western blotting) dos peptídeos 
após digestão gastrointestinal 
simulada 
Atenuação da reatividade dos 
alérgenos devido à complexação 
com compostos fenólicos 
Plundrich et al., 2015 
Amendoim 
(farinha) 
Bagaço de cranberry e 
blueberry 
(procianidinas, 
flavonóis e ácidos 
fenólicos) 
Ligações 
covalentes e não 
covalentes 
Redução da capacidade de ligação 
à IgE e da liberação de histamina 
e β-hexosaminidase por 
mastócitos 
Modificação de estrutura proteica e 




Plundrich et al., 2017 
EGCG = epigalocatequina galato; OVA = ovalbumina; β-lg = β-lactoglobulina 
 




2.6. Impacto da interação de proteínas com compostos fenólicos na 
biodisponibilidade de ambos os compostos 
A biodisponibilidade de um nutriente pode ser definida como a proporção de 
substância consumida que é absorvida e disponível para uso ou estocagem 
(COZZOLINO, 2009; VELDERRAIN-RODRIGUEZ et al., 2014). Porém, para ser 
absorvido, um nutriente ou não nutriente (como os compostos fenólicos) deve ser 
bioacessível, ou seja, ser liberado da matriz alimentar e estar disponível para ser 
absorvido (COZZOLINO, 2009; VELDERRAIN-RODRIGUEZ et al., 2014). Assim, a 
biodisponibilidade é a proporção de compostos bioacessíveis que são absorvidos e 
chegam à circulação sanguínea para serem distribuídos e metabolizados pelos órgãos 
(COZZOLINO, 2009; VELDERRAIN-RODRIGUEZ et al., 2014). Diversos fatores 
podem influenciar a biodisponibilidade de um composto, desde a conformação 
estrutural e propriedades físico-químicas do próprio composto até as condições 
anatômicas, fisiológicas, bioquímicas e moleculares do indivíduo que o consome, bem 
como as condições de processamento e complexação com outros nutrientes 
(COZZOLINO, 2009; VELDERRAIN-RODRIGUEZ et al., 2014). A formação de 
complexos entre proteínas e compostos fenólicos pode tornar as proteínas 
hipoalergênicas devido não somente às mudanças em suas estruturas secundária e 
terciária, mas também à diminuição de sua biodisponibilidade (SINGH, HOLVOET e 
MERCENIER, 2011). Contudo, a redução da biodisponibilidade proteica deve ser 
avaliada com cautela, pois isso pode acarretar em perda de valor nutricional (CHUNG e 
CHAMPAGNE, 2009). Chung e Champagne (2009), em estudo do efeito da 
complexação de proteínas do amendoim com ácidos fenólicos na resposta alérgica de 
indivíduos alérgicos a esse alimento, avaliaram a complexação repetida, ou seja, duas 
complexações consecutivas. Os autores observaram que outras proteínas solúveis, além 
dos alérgenos principais do amendoim, precipitaram devido à formação de complexos 
insolúveis, sugerindo que a complexação repetida não é interessante do ponto de vista 
nutricional. 
A complexação de proteínas com compostos fenólicos pode também alterar o 
conteúdo de compostos fenólicos livres e a biodisponibilidade e capacidade 
antioxidante desses compostos, além da solubilidade, estabilidade térmica e 
digestibilidade proteica (OZDAL, CAPANOGLU e ALTAY, 2013). A complexação de 
proteínas com compostos fenólicos tem sido utilizada para aumentar a 
 




biodisponibilidade e a bioatividade desses fitoquímicos, onde a proteína funciona como 
um veículo para entrega desses compostos no lúmen intestinal (MOSER et al., 2014; 
SHPIGELMAN et al., 2014; LI et al., 2015). Porém, visto que algumas proteínas 
alergênicas, tal como a β-lg, são resistentes à digestão do estômago e às enzimas 
proteolíticas, é importante considerar que alterações em sua digestibilidade podem 
impactar na sua alergenicidade (MORENO, MACKIE e MILLS, 2005). Plundrich et al. 
(2015) avaliaram a digestão in vitro e a imunorreatividade de complexos de farinha de 
amendoim com chá verde ou cranberry e observaram que a digestão dos alérgenos pela 
pepsina ocorreu mais rapidamente nos complexos em relação à farinha de amendoim 
não complexada, e que os peptídeos presentes no digeridos apresentaram redução de 
ligação à IgE e IgG.   
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Structural changes and allergenicity of whey protein isolate (WPI) upon 
complexation with caffeic acid (CA) and ( - )-epigallocathechin gallate (EGCG) at 
acidic and neutral pH conditions were investigated. WPI-phenolic compounds 
interactions were evidenced by fluorescence quenching, accompanied by red-shift (32 
nm in WPI-CA and 3 nm in WPI-EGCG). Negative exothermic enthalpy obtained by 
isothermal titration calorimetry analysis (-5966.4 ± 733.7 kJ/mol for WPI-CA and -
14378.3 ± 2363.8 kJ/mol for WPI-EGCG) and reduction of surface hydrophobicity 
suggest that those interactions are of non-covalent nature. Additionally, changes in 
secondary structure pattern and increase in thermal stability were demonstrated by 
circular dichroism and were higher in neutral than in acidic conditions. WPI-EGCG 
complexes obtained in both pH conditions showed reduced IgE-binding capacity to β-lg 
and BSA, two important allergens in milk. In conclusion, we suggest that complexation 
with EGCG could be a promising strategy to reduce the allergenicity of whey proteins. 
 
Keywords: protein-phenolic interactions; soluble complexes; cow’s milk allergy; 
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3.1. Introduction  
Cow’s milk allergy (CMA) is an important public health issue, with practical 
implications for the food industry. CMA is characterized by the immediate 
hypersensibility reaction, which involves the activation of type 2 T helper cells (Th2) 
and the production of IgE antibodies (sensitization phase) (van Esch et al., 2011). The 
IgE antibodies, in turn, bind to the high-affinity receptor (FcεRI) on the surface of mast 
and basophils cells (Kumar, Verma, Das, & Dwivedi, 2012; van Esch et al., 2011). 
During the re-exposure to the allergen, the binding of antigen to IgE molecules results 
in cross-binding of FcεRI, which eventually causes mast or basophil cell degranulation 
and the release of inflammatory mediators (challenge phase) (van Esch et al., 2011). 
The food allergy symptoms, such as urticaria, edema, vomiting, diarrhea, and even 
anaphylactic shock arise from the action of these inflammatory mediators (Knipping et 
al., 2012; Morisawa et al., 2009).  
The main allergens in milk are caseins and the whey proteins, β-lactoglobulin 
(β-lg) and α-lactoalbumin (α-la). Apart from not being one of the main allergens, bovine 
serum albumin (BSA) is involved both in milk and beef allergy (Restani et al., 2004). 
Until present, the best treatment strategy for food allergies is the elimination of 
allergenic food to the diet and, in some cases, desensitization, i.e., induction of food 
tolerance. However cow’s milk is an important source of nutrients, such as essential 
amino acids and bioactive peptides, especially during the early childhood (Kattan, 
Cocco, & Järvinen, 2011). Therefore, several strategies have been employed in order to 
reduce the allergenic capacity of cow’s milk proteins, as a way not to eliminate this food 
from the diet (Cucu, De Muer, Trashin, & De Meulenaer, 2015). The most used 
technique is the partial or extensive milk proteins enzymatic hydrolysis to compose 
hypoallergenic formulas. Nevertheless, enzymatic hydrolysis itself may not totally 
eliminate the protein allergenicity, resulting in residual allergenicity (El Mecherfi et al., 
2011; van Esch et al., 2011). Moreover, formulas containing protein hydrolysates 
present other drawbacks, such as bitter taste and hypertonicity (Himonides, Taylor and 
Morris, 2011, Gonzàlez-Tello et al., 1994). 
Phenolic compounds are secondary metabolites of plants produced as a defense 
against aggressor agents such as ultraviolet radiation, pathogens, and predators 
(Manach, Scalbert, Morand, Rémésy, & Jiménez, 2004). These compounds present 
several bioactivities, such as antioxidant capacity, and may prevent chronic 
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inflammation, cardiovascular diseases, cancer and diabetes (Acosta-Estrada, Gutiérrez-
Uribe, & Serna-Saldívar, 2014; Velderrain-Rodriguez et al., 2014). It is well known that 
phenolic  compounds have a significant binding affinity to proteins, which could result 
in the formation of soluble or insoluble complexes (Jakobek, 2015). Considering that 
the tridimensional structure of proteins plays an important role on their allergenic 
properties, and the binding of proteins with phenolic compounds could lead to 
modification of this structure, protein-phenolic interaction has begun to be investigated 
as a strategy to reduce allergenicity of some proteins (Chung & Champagne, 2009; 
Ognjenovic et al., 2014; N. J. Plundrich et al., 2014; Vesic et al., 2015; Zuercher, 
Holvoet, Weiss, & Mercenier, 2010). Plundrich et al. (2015) reported reduction in 
allergenicity of roasted peanut flour due to the formation of stable protein-polyphenol 
complexes with polyphenols from fruit and herbal extracts. Zuercher et al. (2010) also 
reported allergenicity reduction of ovalbumin due to the modification of epitopes after 
interaction with polyphenol-enriched apple extract. However, to our knowledge, studies 
on the effect of protein-phenolic complexation on the allergenicity of cow’s milk 
proteins are scarce, and most publications in this field are mainly related to the impact 
of complexation on the bioactivity and bioavailability of phenolic compounds 
(Bourassa, Cote, Hutchandani, Samson, & Tajmir-Riahi, 2013; Li, Cui, Ngadi, & Ma, 
2015; Moser, Chegeni, Jones, Liceaga, & Ferruzzi, 2014; Shpigelman, Shoham, Israeli-
Lev, & Livney, 2014; Wu et al., 2012). 
Novel strategies concerning the prevention or treatment of food allergies have 
been gaining attention, including the use of probiotics, vitamins, lipids and phenolic 
compounds as agents that could impact both the sensitization or relief of the symptoms 
of allergic reactions (Muraro et al., 2012; Singh, Holvoet, & Mercenier, 2011; van den 
Elsen et al., 2013). The development of new functional foods containing different 
components may lead to health benefits other than those arising from their individual 
components (Wegrzyn et al., 2008). In this sense, we describe herein, protein-phenolic 
compounds interaction as a possible strategy to reduce whey protein allergenicity. Since 
the phenolic compounds structure is an important factor that affects protein-phenolic 
interactions, for this study, two phenolic compounds with distinct structures were 
chosen, caffeic acid and ( - )-epigallocathechin gallate. Caffeic acid (CA) is widely 
present in commonly consumed foods, such as coffee and citrus fruits, and presents 
strong binding affinity to cow’s milk proteins (Chung & Champagne, 2009; Manach et 
al., 2004; Singh et al., 2011). ( - )-Epigallocathechin gallate (EGCG), in turn, is a 
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flavonoid derived from green tea, which has some conformational flexibility owing to 
the presence of both gallyl and galloyl groups (Hung et al., 2005; Soares, Mateus, & de 
Freitas, 2007). This feature in addition to the number of hydroxyl groups make this an 
interesting molecule for interactions with proteins (Hung et al., 2005; Soares, Mateus, & 
de Freitas, 2007). 
 
3.2. Materials and Methods 
3.2.1 Materials 
Whey protein isolate was obtained from Provon®292 (Glanbia Nutritionals, 
Kilkenny, Ireland). The total nitrogen content of WPI was determined by micro-
Kjeldahl method (AOAC, 2006) and the protein content, 87.5% ± 1.4, was calculated 
using 6.38 as a conversion factor. Caffeic acid (95% purity) and EGCG (80% purity) 
were purchased from Sigma-Aldrich® (St. Louis, MO, USA), as well as the proteins α-
lactalbumin (α-la, Type III, L6010), β-lactoglobulin (β-lg, L3908) and bovine serum 
albumin (BSA, A2153) from cow’s milk. 
The antibodies used were: Mouse IgE Balb/c - Isotype Control (Abcam®, 
Cambridge, MA, EUA), Purified Rat Anti-mouse IgE monoclonal antibody (BD 
Biosciences, San Diego, CA, USA), Biotin Rat Anti-Mouse IgE (BD Biosciences, San 
Diego, CA, USA), HRP-conjugated goat anti-Rat IgG whole molecule (Sigma Chemical 
Co., St. Louis, MO, USA), streptavidin-HRP conjugated (Calbiochem®, San Diego, 
USA). All other chemicals were of analytical grade. 
 
3.2.2 Protein-phenolic complexation 
The WPI-phenolic compounds complexes were obtained by mixture of WPI and 
CA or EGCG stock solutions in deionized water. The complexation was carried out at 
25 °C for 60 min at dark, using 0.1 M HCl or 0.1 M NaOH to adjust pH at 3.5 or 7.0, 
respectively. The WPI concentration was fixed at 5 mg/mL, whereas the phenolic 
concentration varied in order to obtain four different WPI: phenolic molar ratios (1:1; 
1:0.5; 1:0.2; 1:0.1). As WPI contains a mixture of proteins with broad molecular mass 
(MM) distribution, the MM of this complex was estimated by weighted average of the 
prevalent proteins (β-lg - 18.4 kDa, 50-70%; α-la - 14.2 kDa, ~ 20%; and BSA - 66 
kDa, ~ 5%) (Sah, McAinch, & Vasiljevic, 2016). Therefore, the WPI apparent MM was 
assumed to be 20 kDa. WPI and phenolic solutions were used as controls. 
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3.2.3  Quenching fluorescence  
Quenching experiments were carried out in duplicate to investigate phenolic 
compounds binding affinities to WPI. To do so, WPI aqueous solutions (pH 6.8) at 
constant total protein concentration (2 µM) were titrated with CA (0-200 µM) or EGCG 
(0-250 µM) solutions and tryptophan fluorescence was measured in an ISS PC-1 
fluorimeter (Champaign, IL, USA). The excitation wavelength (ex) was 280 nm and 
emission spectra were recorded from 290 to 500 nm at 25°C. Data was fitted using 
Origin software (version 8.0; OriginLab Corp), by Hill equation (1),  
 
𝒚 = 𝐅𝟎 + (𝑭 − 𝑭𝟎) 
𝒙𝒏
𝒌𝒏 + 𝒙𝒏 
        (1) 
 
where F0 and F are the fluorescence intensities of the protein solution in the absence and 
presence of the ligand, respectively; n is the Hill coefficient; x is the ligand 
concentration, and k is an apparent dissociation constant.  
 In order to monitor possible inner filters or fluorescence signal changes after CA 
or EGCG addition, fluorescence measurements of titrants in solution without WPI were 
performed.  
 
3.2.4 Circular dichroism measurements 
Changes in whey protein secondary structure due to protein-phenolic compounds 
interaction were monitored by circular dichroism (CD) spectroscopy. CD spectra of 
WPI and complexes in aqueous solution at 10 µM total of protein concentration were 
recorded in a J-810 spectropolarimeter (JASCO, Easton, MD) with Peltier control. 
Measurements were made at 25 °C, using a 0.1 cm path length quartz cuvette, a 
bandwidth of 1 nm, the scan rate of 50 nm/min and 20 accumulations over the 199–260 
nm (far-UV) range. The spectra of phenolic compounds in deionized water were 
subtracted from the sample average spectra to obtain a corrected spectrum for each 
sample. CD spectra were deconvoluted using DichroWeb (Whitmore & Wallace, 2004, 
2008). Thermal unfolding was also investigated by monitoring of CD signal at 215, 222, 
and 208 nm from 25 to 90 °C, with a temperature rate of 1°C/min. Origin software 
(version 8.0; OriginLab Corp) was used to analyse the data, applying Boltzmann 
function to fit the curves. All experiments were carried out in duplicate.  
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3.2.5 Surface hydrophobicity 
The surface hydrophobicity (S0) was determined using the anionic fluorescence 
probe 1-anililo-naphthalene-8-sulfonate (ANS), according to Pessato et al. (2016). The 
relative fluorescence intensity (RFI) of each solution was measured against the blank 
(buffer with ANS) using a Synergy™ HT Multi-Mode Microplate Reader (BioTek®, 
Vermont, USA). The S0 was determined from the initial slope of linear regression 
analysis of the plot of RFI against protein concentration (%). Each sample was analyzed 
in triplicate. The phenolic compounds solutions were also analyzed and their S0 was 
negligible.   
 
3.2.6 Isothermal titration calorimetry (ITC) 
Thermodynamic parameters of interactions between WPI and CA or EGCG 
were measured using isothermal titration calorimeter VP-ITC MicroCal (Malvern, 
Massachusetts, USA). An aqueous solution of CA or EGCG at 1.85 mM was titrated 
into WPI solution (0.150 mM) at 25 °C. The solvent used in the analysis was deionized 
water (pH 6.8) instead of the buffer to avoid interference of ions in the active sites of 
proteins (Budryn et al., 2015). The interference of heat dilution was analyzed by 
titration of phenolic solutions in water, and the resulting heat dilution was subtracted 
from the data before curve fitting (one group of setting).The titration process consisted 
of 29 successive injections of 10 μL of CA or EGCG solutions, with an initial delay of 
200 s before the first injection to temperature equilibration. The spacing time (to allow 
equilibration) between injections was 60 s. The parameters binding constant (K), 
enthalpy change (ΔH), entropy change (ΔS), and stoichiometry (n) were calculated by 
one site of binding sites model, using Origin version 5.0 (Malvern, Massachusetts, 
USA). 
3.2.7 Antigenicity evaluation 
Polyclonal antibodies (IgE anti-α-la, anti-β-lg, and anti-BSA) were obtained by 
immunization of female BALB/c mice with α-la, β-lg, and BSA. Female BALB/c mice 
used in this study were obtained from the Multidisciplinary Center for Biological 
Research, University of Campinas (Cemib-Unicamp). The experimental and control 
groups consisted of 5 mice fed ad libitum on a cow milk-free diet (Nuvilab®, Curitiba, 
Brazil) maintained under specific pathogen-free (SPF) conditions, with controlled light, 
temperature and humidity in the Laboratory of Translational Immunology (LTI) 
facilities. The mice were divided into four groups (n = 5 mice per group). Control group 
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immunized with adjuvant alum; first experimental group immunized with α-la; second 
experimental group immunized with β-lg, and third experimental group immunized with 
BSA. 
On day 1, BALB/c mice were immunized by intraperitoneal injection with 50 µg 
of protein (α-la, β-lg or BSA) adsorbed in 10% of alum, in a final volume 0.2 
mL/animal (Villas-Boas, Vieira, Trevizan, de Lima Zollner, & Netto, 2010). A booster 
subcutaneous injection was given on days 14 and 21, with 20 µg of protein adsorbed in 
10% of alum per mouse, respectively, to a final volume 0.2 mL/animal. One week after 
the last sensitization, the animals were sacrificed by intraperitoneal anaesthesia 
comprising ketamine hydrochloride: 150 mg/kg and xylazine hydrochloride: 10 mg/kg, 
(both from Vetbrands, Paulínia, Brazil) and peripheral blood was collected by cardiac 
puncture for serum separation. This experiment was approved by the Ethics Committee 
on Animal Experiments of University of Campinas, protocol number 4097-1 
(Campinas, SP, Brazil). 
 
3.2.8 ELISA assays 
The specific IgE binding capacity of complexes was determined by indirect 
enzyme-linked immunosorbent assay (ELISA), as previously described (Carvalho, 
Pessato, Fernandes, Zollner, & Netto, 2017), with slight modifications. In short, high-
binding polystyrene microtiter plates (Corning, Cambridge, MA, USA) were coated 
with 20 µg of antigen (WPI, native α-la, β-lg, BSA, or complexes) in a carbonate-
bicarbonate buffer (50 mmol L
-1
, pH 9.6), and incubated overnight at 4°C. The plates 
were washed after each incubation step with 50 mM Tris-buffered saline (pH 7.4) 
containing 0.05% Tween 20 (TBS-T), using a microplate washer (BioTek ELx50, 
Thermo Scientific,Waltham, MA, USA). Residual free binding sites were blocked with 
TBS-T for 2 h at 37 °C. Mice sera diluted at 1:250 in TBS-T were applied (100 µL per 
well) and incubated overnight at 4°C. After the washing step, the plates were incubated 
for 2 h at 37 °C with purified rat anti-mouse IgE monoclonal antibody diluted 1:1500 in 
TBS-T (100 µL per well). The plates were then incubated with 100 µL of HRP-
conjugated goat anti-rat IgG whole molecule diluted 1:20,000 in TBS-T, for 2 h at 37 
°C. TMB (3,30,5,50-tetramethylbenzidine) was added to the plates (100 µL per well) 
and incubated for 15 min. The reaction was stopped with 1 mol.L
-1
 H2SO4 (0.18 mol L
-
1
) and absorbance was measured at 450 nm on an automated spectrophotometer reader 
(Spectra Max 190, Molecular Devices, Toronto, Canada). 
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For the standard curve, the capture antibody (purified rat anti-mouse IgE 
monoclonal antibody) was diluted (1:1500) in carbonate-bicarbonate buffer (50 mmol 
L
-1
, pH 9.6), and incubated overnight at 4°C. The plate was washed and blocked as 
described above. Afterwards, purified mouse IgE with an initial concentration of 12,800 
ng/mL was serially diluted up to a concentration of 25 ng/mL in TBS-T and added to 
each well (incubation at 4 °C overnight), in duplicate. After washing, 100 µL per well 
of the biotinylated antibody (5 µg/mL) was added and incubated at 37 °C for 1 h. 
Subsequently, the plate was washed and incubated with streptavidin-HRP (100 µL per 
well) diluted 1:10000 for 30 min at 25 °C. The following steps (addition of TMB and 
reaction stop) were carried out according to the description above.  
 
3.2.9 Statistical analyses 
Results were expressed as the mean ± standard deviation. Surface 
hydrophobicity was analyzed using Dunnett's multiple comparisons and t-tests. Specific 
IgE-binding results were analyzed by the non-parametric Friedman and Dunn's multiple 
comparison tests. For all analyses, p values ≤ 0.05 were considered significant.  
 
3.3. Results 
3.3.1. Quenching fluorescence 
Intrinsic protein fluorescence has been used to study the binding properties of 
proteins with phenolic compounds, as well as tertiary structure changes (Soares et al., 
2007). Thus, this technique was applied to obtain the binding dissociation constant of 
CA and EGCG to WPI, however with some precautions. Firstly, it is necessary to 
consider that those compounds also absorb energy (Shpigelman et al., 2014). Therefore, 
an inner filtering effect can occur, which is related to the capacity of a phenolic 
compound to absorb energy at the protein excitation and/or emission wavelength, 
reducing the amount of available energy to excite the protein-fluorescent group 
(Shpigelman et al., 2014). To overcome this effect, the emission at 329 nm (maximum 
emission wavelength of WPI) was corrected based on Beer-Lambert’s law, using 
equation (2): 
 
𝑭 = 𝑭𝒖.  𝒆(−𝟐,𝟑𝟎𝟑.(𝜺𝝀𝒆𝒙.𝑸.𝑳)+( 𝜺𝝀𝒆𝒎.𝑸.𝑳)     (2) 
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where Fu is the measured, uncorrected emission intensity, ελex and ελem – the molar 
extinction coefficients of CA or EGCG at the excitation and emission wavelengths, 
respectively (measured spectrophotometrically from a linear curve of concentration 
versus absorbance in the same solvent – deionized water), Q is the quencher (CA or 
EGCG) concentration in the cell and L is the path length assumed to be 0.5 and 1 for the 
excitation and emission, respectively.  
The corrected protein emission at 329 nm is presented in Fig. 1 as a function of 
the phenolic compounds concentration.  
At lower concentrations, for both phenolic compounds (~0.1-20 µM), slight 
fluorescence quenching was observed (Fig. 1, inserts). However, when the 
concentration of phenolic compounds increased over 20 µM, the fluorescence intensity 
expressively decreased, nearly reaching the total tryptophan quantum yield extinction. A 
large red shift of 32 nm was observed with the increase of CA concentration, while 
increase of EGCG concentration caused a red shift of 3 nm. Red shift indicates 
distortion of tertiary structure, which allows more water penetration on the protein 
molecule and, consequently, an increase in the polarity near the tryptophan residues (Al-
Hanish et al., 2016; Arroyo-Maya, Campos-Terán, Hernández-Arana, & McClements, 
2016). Upon protein unfolding, Trp residue buried in the protein molecule is exposed to 










Fig. 3.1: Fluorescence intensity of WPI aqueous solutions (2 µM) at 25 °C (λ excitation: 280 
nm; emission: 290-500 nm) with raising concentrations of CA (0-200 µM) and EGCG (0-250 
µM). Statistical analysis and non-linear curve fitting (Hill equation) were made using Origin 
software (version 8.0; OriginLab Corp). Inserts: Emission spectra of WPI-CA and WPI-EGCG 
complexes at different concentrations of CA (0-200 µM) and EGCG (0-250 µM).  
 
Another point that requires cautious interpretation is related to the dissociation 
constant (Kd) values. Since WPI is a heterogeneous mixture of proteins, the obtained 
Kd values are apparent and could not be similar to those of the isolated proteins, since 
this protein-protein interaction could also occur and be part of, as well as affect the 
entire interaction setting (Ng-Kwai-Hang, 2011). The apparent Kd observed for CA and 
EGCG was 20.70 ± 1.34 µM and 37.20 ± 4.57 µM, respectively. As those Kd values are 
of the same magnitude order, it is possible to assume that interaction affinity of WPI to 
CA and EGCG are similar.  
 
3.3.2. Circular dichroism  
Table 1 presents the secondary structure of WPI and WPI-phenolic complexes. 
In general, at pH 3.5, the interaction of WPI with phenolic compounds had minimum 
effect on the secondary structure of whey proteins. The exception was the WPI-EGCG 
1:0.1 complex, which showed a considerable increase of α-helix (80.5 %) to the 
detriment of the other structures, mostly β-turn (6.8 %).  
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Table 3.1: Secondary structure content of WPI and WPI-CA and WPI-EGCG complexes 








Sample α-helix (%)  β-sheet (%) β-turn (%) Unordered (%) 
WPI 35.6 14.4 30.5 36.4 
WPI-CA 1:1 35.5 14.3 28.6 35.6 
WPI-CA 1:0.5 35.4 14.6 28.4 35.2 
WPI-CA 1:0.2 36.3 15.3 29.6 36.7 
WPI-CA 1:0.1 34.7 12.2 25.0 32.6 
WPI-EGCG 1:1 34.9 11.6 25.2 32.8 
WPI -EGCG 1:0.5 35.7 13.5 30.0 35.9 
WPI -EGCG 1:0.2 34.1 11.3 24.9 31.5 












WPI-CA 1:1 44.3 8.4 37.4 12.0 
WPI-CA 1:0.5 35.4 14.6 28.4 35.2 
WPI-CA 1:0.2 34.9 14.1 29.7 35.5 
WPI-CA 1:0.1 35.2 15.3 29.5 35.8 
WPI-EGCG 1:1 35.0 12.1 24.3 32.6 
WPI -EGCG 1:0.5 35.5 12.9 26.3 33.8 
WPI -EGCG 1:0.2 34.5 11.8 24.5 31.8 
WPI -EGCG 1:0.1 34.6 11.9 24.6 32.2 
 
At pH 7.0, all complexes with AC or EGCG presented an increase of α-helix and 
β-turn structures, while the β-sheet structure decreased (Table 1). In general, unordered 
structure underwent minimum alterations when both phenolic compounds were added to 
WPI, i.e., phenolic compounds binding does not reduce ordered structure, but instead 
cause structural adjustments in secondary structure pattern (Al-Hanish et al., 2016). The 
exception was the WPI-CA 1:1 complex, which presented 12.0 % of the unordered 
structure, while WPI presented 34.0 % (Table 1). This complex also presented the 
highest increase of α-helix (44.3 %) and β-turn (37.4 %) structures in relation to WPI 
(Table 1).  
 
3.3.3. Surface Hydrophobicity (S0) 
Surface hydrophobicity (S0) can be measured by binding a fluorescent probe, 
such as ANS, to the hydrophobic sites of the protein exposed to the medium. However, 
when a phenolic compound binds to those sites by hydrophobic interactions, a 
hindrance of ANS binding would occur (Yuksel, Avci, & Erdem, 2010). In this sense, 
this technique was used as an indirect method to investigate the binding of AC and 
EGCG to WPI. Since the isolated phenolic compounds showed negligible S0 values, we 
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assumed that changes in WPI surface hydrophobicity were due to protein-phenolic 
compounds interactions.   
In general, all the studied conditions, except WPI-EGCG 1:0.1, resulted in 
significant modifications of whey proteins S0 (Fig. 2). At pH 3.5, the WPI-CA 
complexes showed significant lower S0 values than WPI and WPI-EGCG. Regarding 
the WPI-EGCG complexes, those obtained at molar ratios 1:0.2 and 1:0.1 presented 
significantly lower S0 values than WPI. Higher concentrations of EGCG (molar ratios 
1:1 and 1:0.5) significantly increased the S0 value, suggesting that at this pH (3.5) and 
molar ratios, interactions with EGCG caused unfolding of protein structure and 
exposition of previously hidden hydrophobic sites.  
At pH 7.0, changes were not as noticeable as at pH 3.5. The WPI-EGCG 
complexes express a decrease of S0 dependent on the EGCG concentration, i.e., as the 
concentration of EGCG increased, the S0 proportionally decreased. This tendency was 
not observed for the WPI-CA complexes since WPI-CA 1:0.5 presented higher S0 than 
WPI-CA 1:0.2 and WPI-CA 1:0.1. This is possibly due to the CA structure, which is a 
small molecule, and was not able to hide the hydrophobic portions of the proteins. 
Furthermore, according to fluorescence results (Fig. 1), interactions of WPI with CA 
caused conformational changes in the proteins, which could explain the increase of the 
S0 at 1:0.5 molar ratio.  
 
 




3.3.4. Isothermal titration calorimetry (ITC) 
ITC measurements were carried out to investigate the thermodynamic 
parameters of WPI-phenolic compounds interactions (Fig. 3). The enthalpy (ΔH) of 
WPI-CA and WPI-EGCG were –5966.4 ± 733.7 kJ/mol and -14378.3 ± 2363.8 kJ/mol, 
respectively, indicating that interactions between WPI with CA or EGCG are 
exothermic (Fig. 3). This behavior is typical of hydrophobic, van der Waals, and 
electrostatic interactions, as well as formation of hydrogen bonds (Pal, 2012, Lopez-
Nicolas, 2013). The entropy (ΔS) of WPI-CA and WPI-EGCG were 83.88 ± 0.87 
kJ/mol/deg and 35.5 ± 8.7 kJ/mol/deg, respectively. Positive entropy (ΔS) is mainly an 
indicative of hydrophobic interactions, but it is important to note that this could also be 
evidence of electrostatic interactions (Tian, 2005). Usually, hydrophobic interactions are 
evidenced by both positive ΔΗ and ΔS, which were not observed in our study, 
suggesting that more than one force may play a role in the complexes formation.   
 
Fig. 3.2: Surface hydrophobicity of WPI and WPI-CA and WPI-EGCG complexes obtained at  pH 
3.5 and 7.0. Results are expressed as the mean ± standard deviation of three determinations. 
Different letters at the same condition of molar ratio indicate significant differences (p < 0.05 – t-
test). Asterisk indicates significant differences (p < 0.0001 - Dunnett's multiple comparisons test) 
between WPI and WPI-CA or WPI-EGCG complexes at both studied pH conditions (3.5 and 7.0).  
 















Neither WPI-CA nor WPI-EGCG titration plots reached binding saturation (Fig. 
3), suggesting that both phenolic compounds, apart from binding to specific high-
affinity sites, possibly adsorb to lower-affinity sites on the surface of whey proteins 
(Ognjenovic et al., 2014). Also, WPI-CA showed an unusual curve on ITC (Fig. 3A) 
which was only possible to analyze after the withdrawal of the first points, suggesting 
that WPI-CA interactions are unstable. This result is in accordance with those reported 
by Budryn et al. (2016) for WPI hydrolysates and CA interactions analyzed by ITC. 
The authors reported that since those interactions are unstable, it was not possible to 
calculate its binding parameters. 
The Kd values obtained for WPI interactions with CA and EGCG was 3.8 ± 0.8 
µM and 42 ± 4.4 µM
-1
, respectively. These values indicate that CA has more binding 
affinity to WPI than EGCG. The number of bound molecules (n) was also higher for 
WPI-CA (0.543 ± 0.02 sites) than WPI-EGCG (0.136 ± 0.04 sites). This could be 
explained by the EGCG chemical structure. As the molecule of this flavonoid is larger 
than of CA, it could undergo a steric hindrance to reach the binding sites of whey 
proteins, especially to those buried in protein three-dimensional structure (A-Hanish et 
al., 2016). In addition, at neutral pH condition, phenolic acids are deprotonated, which 
could contribute to the formation of electrostatic interactions and, consequently, higher 
Fig. 3.3: (A) Thermogram (ITC) and fitting correspond to titrations of caffeic acid (1.85 mM) 
into WPI (0.15 mM). (B) Thermogram (ITC) and fitting correspond to titrations of EGCG (1.85 
mM) into WPI (0.15 mM). 
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binding constant (AL-Hanish et al., 2016). It is important to highlight that, since WPI 
comprises a mixture of proteins, the saturation of possible binding sites could not occur, 
which explains n values below 1.   
 
3.3.5. Thermal unfolding 
As WPI showed more expressive structure modifications when in the presence 
of  higher concentrations of CA or EGCG at both pH conditions (3.5 or 7.0), therefore 
the complexes WPI-CA 1:1 and WPI-EGCG 1:1, obtained at pH 3.5 and 7.0 were 
chosen for thermal stability and allergenicity analysis.  
The thermal stability of secondary structure (α-helix and β-sheet) of the WPI-CA 
1:1 and WPI-EGCG 1:1 complexes were analyzed in both pH 3.5 and 7.0 by circular 
dichroism (Table 2). The unfolding temperature of WPI increased when complexed with 
CA or EGCG either at pH 3.5 or 7.0 (Table 2). However, this increasing was more 
expressive for the complexes obtained at pH 3.5. The WPI-EGCG 1:1 (pH 3.5) 
complex, for instance, showed such an increased thermal stability that insufficient 
variation in the spectra (25 to 90 °C) was obtained for data fitting in any of the analyzed 
wavelengths (208 and 222 - α-helix, and 215 nm - β-sheet).  
 
Table 3.2:  Thermal unfolding of WPI and WPI-CA and WPI-EGCG complexes obtained at pH 
3.5 and 7.0.  CD denaturation spectra were acquired from 25 to 90 °C in duplicate. Data 
analyzed by Origin software (version 8.0; OriginLab Corp), applying Boltzmann function to fit 
the curves. 
  Temperature (°C) 
 Sample α-helix 
β-sheet - 215 nm 
208 nm 222 nm 
pH 3.5 
WPI 73.91 ± 1.98 89.68 ± 0.72 87.82 ± 1.00 
WPI-CA 1:1 83.78 ± 0.99 91.24 ± 0.64 95.54 ± 0.63 
WPI-EGCG 1:1 nd nd nd 
pH 7.0 
WPI 63.34 ± 2.63 nd 84.01 ± 0.95 
WPI-CA 1:1 65.89 ± 4.70 nd nd 
WPI-EGCG 1:1 71.96 ± 2.66 nd nd 
nd = not determined  
 
3.3.6. Allergenic capacity  
IgE binding of WPI-phenolic complexes at a molar ratio of 1:1 obtained at pH 
3.5 and 7.0 was determined by indirect ELISA. Both complexes, WPI-CA and WPI-
EGCG, exhibited lower anti-β-lg and anti-BSA IgE binding capacity than WPI (Fig. 4). 
However, only for the WPI-EGCG complexes at both pH conditions was this reduction 
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significant (p ≤ 0.05). The complexation with phenolic compounds had no effect on 
anti-α-la IgE binding capacity, suggesting that both phenolic compounds bound 
preferentially to β-lg and BSA.  
The cross-reactivity and efficacy of the sensitization protocol used in this study 
have already been tested and demonstrated in a previous work of our research group 





Proteins and phenolic compounds interaction could be an interesting approach to 
obtain products with reduced allergenicity and extra functional properties (Ognjenovic, 
et al., 2014; Sęczyk, Świeca, & Gawlik-Dziki, 2017; Singh, Holvoet, & Mercenier, 
2011; Zuercher, Holvoet, Weiss, & Mercenier, 2010). Ognjenovic, et al. (2014), for 
instance, suggested that interactions of OVA with EGCG contribute to diverse 
biological activities, such as slower rate uptake of OVA by monocytes. Moreover, a 
reduction of IgE-binding capacity of OVA due to interaction with polyphenol-enriched 
apple extract was reported by Zuercher, Holvoet, Weiss, & Mercenier (2010). The 
authors also proposed that the reduced IgE binding of polyphenol-complexed OVA has 
functional consequences, such as reduced degranulation of OVA-sensitized RBL-2H3 
cells. Our results showed that interactions of WPI with AC or EGCG resulted in 
changes in secondary and tertiary structures of proteins and led to an increase of thermal 
Fig. 3.4: Specific IgE binding (ELISA assay) to α-lactalbumin, β-lactoglobulin and BSA. 
Results are expressed as individual values (n = 5 per group). Asterisk indicates significant 
differences (p < 0.05 - Dunn's multiple comparisons test) between WPI and WPI-CA or WPI-
EGCG complexes at both studied pH conditions (3.5 and 7.0). 
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stability of WPI. Although CA seems to have higher binding affinity to WPI than 
EGCG (Fig. 1 and Fig. 3), EGCG was more effective in reduction of β-lg and BSA 
allergenicity (Fig. 4), two of the most common allergens in milk. 
The binding dissociation constants (Kd) varied, especially for WPI-CA, 
depending on the employed technique, i.e., fluorescence quenching (Fig. 1) or ITC (Fig. 
3). Although quenching of the Trp fluorescence of proteins could be a rapid and easy 
method for determining the binding affinities of the phenolic compounds to proteins, 
this technique only provides information regarding the microenvironment in the vicinity 
of the chromophore, and is therefore an indirect method (Soares et al., 2007). On the 
other hand, from ITC it is possible to obtain Kd directly by measuring the heat loss or 
generation involved in the interaction of the proteins with phenolic in a calorimeter cell 
held under an isothermal condition, which provides information about the global protein 
structure (Le Bourvellec & Renard, 2012). It is also important to highlight that, besides 
the spectroscopy techniques used in this study revealed differences in the binding data, 
depending on the phenolic compound type, the results should be interpreted with 
caution, since WPI is a heterogeneous mixture of proteins instead of an isolated one, of 
varying molecular mass and structures (Frazier, Papadopoulou, & Green, 2006). In 
addition, the same phenolic compound could have different quenching effects and 
binding affinities to different proteins depending on the three-dimensional structure of 
each protein (Soares et al., 2007) .  
Proteins and phenolic compounds could bind either by hydrophobic or 
hydrophilic forces depending on the available binding sites of protein (Ozdal, 
Capanoglu, & Altay, 2013). The lower S0 values of most complexes either with CA or 
EGCG in relation to WPI, and the exothermic enthalpy observed by ITC suggest that 
interactions of WPI with both phenolic compounds might be based on hydrophobic 
interactions. In general, the reduction of S0 was more evident at pH 3.5 than at pH 7.0. 
No precipitation of the protein-phenolic complex occurred, indicating that soluble 
complexes were formed (Ozdal et al., 2013; Yang, Liu, Xu, Yuan, & Gao, 2014). 
Indeed, phenolic compounds could bind to proteins and form soluble complexes at a 
low protein: phenolic compound ratio (Ozdal et al., 2013; Yang, Liu, Xu, Yuan, & Gao, 
2014), such as the molar ratios used in our study.  
The conformational changes demonstrated in the present study may explain the 
reduction of IgE binding to β-lg and BSA since conformational changes and surface 
hydrophobicity are directly related to IgE binding (Ognjenovic et al., 2014). Several 
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factors, such as hydrophobicity, isoelectric point and amino acid composition 
(polyphenols bind preferentially to proline residues) play a role in the differentiation of 
binding affinity of proteins (Prigent et al., 2003; Soares et al., 2007). β-lg and BSA are 
larger and more hydrophobic than α-la, which may favor interactions of phenolic 
compounds with these two proteins instead of α-la (Ng-Kwai-Hang, 2011; Prigent et al., 
2003). Additionally, even though α-la-phenolic compounds interactions had occurred, 
these interactions were not able to cause modifications on α-la structure that would lead 
to allergenicity reduction. Recently, we demonstrated that anti-α-la sera respond mainly 
to conformational epitopes (Carvalho et al., 2017). Therefore, our findings suggest that 
complexation with phenolic compounds did not modify conformational epitopes of α-la.   
Although CA has higher binding affinity to WPI than EGCG according to ITC 
results (Fig. 3), complexation with EGCG showed higher effectiveness on reducing the 
allergenicity of β-lg and BSA. This is possibly due to the EGCG structure, which is 
larger than CA and upon binding, may mask the allergenic sites of WPI, hindering the 
IgE binding to these epitopes (Chung, Mattison, Reed, Wasserman, & Desormeaux, 
2015 (PLUNDRICH et al., 2015). Ognjenovic et al. (2014) reported that binding of 
ovalbumin (OVA), the major allergen of egg, with EGCG did not prevent binding to 
IgE antibodies. The authors suggested that EGCG-binding site on OVA is different 
from that of the IgE-binding site and/or of lower affinity compared with OVA-IgE 
interactions. In this sense EGCG possibly binds on IgE-binding sites (epitopes), causing 
a reduction on WPI allergenicity which was not observed for CA (Foegeding, 
Plundrich, Schneider, Campbell, & Lila, 2017). Another explanation for this finding is 
that WPI-EGCG interactions caused a new conformation or/and cross-linking of 
protein, which eliminated or masked conformational epitopes (Ognjenovic et al., 2014). 
Since these conformational changes upon binding to a ligand could change the 
stability to proteolytic digestion, it is worth to investigating the digestive route of these 
complexes (Vesic et al., 2015). It is possible that complexation with phenolic 
compounds also positively or negatively impacts WPI digestion (Plundrich et al., 2015; 
Tantoush et al., 2012). Native β-lg, for instance, has a well-known resistance to pepsin 
at stomach acidic environment, which is one for the reasons of its allergenicity, since 
part may be absorbed intact (Sah et al., 2016; Wal, 2004). Thereby, structural changes 
arising from complexation with phenolic compounds could also impact the pattern of 
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released peptides during digestion and even the sensitization route (Foegeding et al., 
2017; Sah et al., 2016).  
 
3.5. Conclusions 
Interactions of whey protein isolate with CA and EGCG, in both acidic and 
neutral pH conditions, at room temperature (25 °C) have occurred. These interactions 
were mainly by non-covalent interactions and, as a consequence, whey proteins undergo 
secondary and tertiary structure modifications. The WPI-EGCG complexes (at molar 
ratio 1:1 and both pH conditions) showed reduced IgE binding to β-lactoglobulin and 
BSA, but not to α-lactoalbumin. Our findings indicate that complexation with EGCG 
might be a promising approach to the production of dairy hypoallergenic products with 
further functional improvement due to the addition of phenolic compounds. However, it 
is important to highlight that an investigation of oral sensitization capacity, as well as 
the allergenic properties after the gastrointestinal digestion of these complexes, should 
be performed.  
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CAPÍTULO 4. ARTIGO 2. Complexation of whey protein with caffeic acid and 
EGCG as a strategy to induce oral tolerance to whey allergenic proteins 
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Proteins and phenolic compounds can interact and form soluble and insoluble 
complexes. Here, the complexation of whey protein isolate (WPI) with caffeic acid 
(CA) or ( - )-epigallocathechin-3-gallate (EGCG) was investigated as a strategy to 
attenuate oral sensitization in C3H/HeJ mice against WPI. Treatment with WPI-CA 
reduced the levels of IgE, IgG1, IgG2a and mMCP-1 in serum of mice measured by 




 (TGF-β1) T FoxP3+ and CD4+ IL-17A 
(Th17) cell activation, evidenced by flow cytometry of splenocytes. Treatment with 
WPI-EGCG, in turn, decreased the levels of IgG2a and mMCP-1 in serum of mice, 









 IL-17A (Th17) cell populations. In conclusion, WPI-CA and WPI-EGCG 
attenuated oral sensitization in C3H/HeJ mice through different mechanisms. We 
consider that the complexation of whey proteins with those phenolic compounds could 
be a promising strategy to induce oral tolerance.  
 
Keywords: protein-phenolic interactions; cow’s milk allergy; hypoallergenic products; 















Cow’s milk (CM) is the most common food allergen to infants, since it is many 
times, the first food protein offered when breastfeeding is not possible, which could lead 
to an earlier allergic sensitization (1). Cow’s milk allergy (CMA) is an immunologically 
mediated adverse reaction to one or more proteins of CM, and manifests mainly against 
caseins and the two main whey proteins, α-lactoalbumin (α-la) and β-lactoglobulin (β-
lg). It is considered that food allergy arises from a failure of oral tolerance induction 
and/or a loss of it, however the specific moment when that failure occurs is not yetyet 
completey clarified (2). Tolerance induction is a normal immune phenomenon that 
occurs in the intestinal mucosa after exposure to allergens. The mechanism by which the 
oral tolerance is induced is partially related to the ingested antigen dose (3). In the 
presence of high doses of antigen, tolerance is mainly caused by the clonal deletion due 
to apoptosis or anergy of antigen-specific T cell clones. When the food antigen is at 
lower concentrations, tolerance is induced by regulatory T cells (Tregs) and considered 
to be as a central mechanism of tolerance induction by food antigens (4). 
Nowadays, it is known that oral tolerance, instead of an unresponsive state, is an 
active phenomenon which involves the suppression of specific immune responses to 
antigens first encountered in the gastrointestinal tract (5, 6). For instance, Castro-Junior 
and collaborators (6) have shown that tolerant and immunized mice presented the same 
number of regulatory and activated T cells in the spleen after immunization to 
ovalbumin. The authors suggested that, in addition to the immune response suppression 
mechanisms performed by Tregs, the earlier expression of regulatory cytokines, such as 
TGF-β and IL-10 and a transitory expression of effector cytokines (IL-2 and IFN-γ), 
play a role in the induction of tolerance. Lymphocytes with regulatory properties 
activated in the mucosa are crucial to induce tolerance since they could permeate the 
body and modulate the immune response in a systemic manner (6, 7). CD4
+
 T cells 
which express TGF-β in the membranes linked to latency-associated peptide (LAP), 
known as LAP
+
 Treg cells, may be one of the markers of Tregs induced by oral 
tolerance (7). Furthermore, a reliable intracellular marker of naturally occurring Treg 




 regulatory T cells tend to be lower in allergic individuals (8, 9). The Th17 
response also tends to be impaired in food-allergic individuals (9). Since it has recently 
been suggested that Th17 cells could transdifferentiate into regulatory T cells depending 
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on the environmental context, IL-17 might be a potential biomarker for tolerance to 
food allergens as well (10-12). 
Due to the lack of clear understanding of the molecular mechanisms of food 
allergies, the widely accepted treatment for this disease has been the avoidance of 
exposure to the antigen (13). Medications are available for palliative care of 
hypersensitivity symptoms, but not for definitive control of allergic disease (14).  
Moreover, an alternative treatment for children with high risk or diagnosed with cow’s 
milk allergy is the replacement of milk for hypoallergenic formulas composed of 
partially or extensively hydrolyzed caseins or whey proteins (15). However, these 
formulas may present some drawbacks, such as residual allergenicity (15, 16); or bitter 
taste and hypertonicity as a result of excessive hydrolysis (17). Therefore, novel 
nutritional interventions in the prevention and treatment of food allergies are required 
(14). Recently, phenolic compounds are being investigated for treatment of allergic 
diseases by either avoiding the sensitization phase or relieving the symptoms of allergy 
reaction (18-20).  
The anti-allergic action of phenolic compounds has been related to the inhibitory 
effect on the activation and degranulation of mast cells (21, 22) and on the expression of 
FCεRI on the surface of those cells (23). Phenolic compounds could also modify the 
allergenicity of proteins due to the formation of soluble and insoluble complexes with 
those macromolecules and consequent epitopes modification or bioavailability 
reduction (24-28). For instance, Chung and Champagne (25) reported reduced IgE 
binding to peanut allergens due to the formation of insoluble complexes with phenolic 
acids, such as caffeic acid (CA). The ( - )-epigallocathechin-3-gallate (EGCG) is a 
flavonoid found mainly in green tea that possess anti-allergic properties due to its 
inhibitory effect on mast cell degranulation, release of histamine and uptake of proteins 
by monocytes (27, 29). Although CA and EGCG have proven anti-allergic properties, 
studies that use the association of those phenolic compounds with CM proteins to 
induce oral tolerance are scarce.  
In the present study, we hypothesize that the complexation of whey protein 
isolate (WPI) with CA or EGCG induces oral tolerance to WPI, either due to the 
concomitant administration of anti-allergic compounds - CA and EGCG present in the 
complexes - or by modifying the WPI structure in a way that it would not be recognized 
as an antigen by the immune system. Therefore, we analyzed the cellular immune 
response through the phenotypic characterization of functional lymphocyte 
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subpopulations (Th1, Th2, Tregs and Th17) in response to oral sensitization with WPI-
phenolic compounds complexes and challenge with WPI. The antigen specific 
immunoglobulin pattern and mast cell activation were also investigated. According to 
our knowledge, this is the first time that complexation of whey protein isolate with 
phenolic compounds is used for immunomodulatory purposes.  
 
4.2.Materials and Methods 
4.2.1. Materials 
Whey protein isolate was purchased from Provon®292 (Glanbia Nutritionals, 
Kilkenny, Ireland). Caffeic acid (95% purity), EGCG (80% purity) and cholera toxin (~ 
95% purity) were purchased from Sigma-Aldrich® (St. Louis, MO, USA).  
 The reagents used in cell culture procedures were: RPMI 1640 medium (Gibco, 
Invitrogen Corporation, Grand Island, N.Y., USA), HEPES (Mediatech, Inc., Manassas, 
VA, USA), penicillin (Gibco, Invitrogen Corporation), streptomycin (Gibco, Invitrogen 
Corporation), Fungizone (Gibco, Invitrogen Corporation), Fetal Bovine Serum (FBS) 
(Vitrocell, Campinas, SP, Brazil), mouse recombinant IL-2 (Biolegend, San Diego, CA, 
USA), and concanavalin A (Sigma). 
The antibodies used in ELISA assays were: mouse IgE Balb/c isotype control 
(Abcam®, Cambridge, MA, USA), purified rat anti-mouse IgE monoclonal antibody 
(BD Biosciences, San Diego, CA, USA), HRP-conjugated goat anti-Rat IgG whole 
molecule (Sigma Chemical Co., St. Louis, MO, USA), purified mouse IgG1 κ isotype 
control and purified mouse IgG2a κ isotype control (BD Biosciences, San Diego, CA, 
USA), goat anti-mouse IgG1 heavy chain (HRP) and goat anti-mouse IgG2a heavy 
chain (HRP) (Abcam®, Cambridge, MA, USA). The antibodies and specific reagents 
used in flow cytometry assays were: PE anti-mouse LAP (TGF-β1), PE anti-mouse IL-
4, APC anti-mouse IL-10, PE anti-mouse IL-2, APC anti-mouse IFN-γ, APC anti-
mouse IL-17A, PE anti-mouse FOXP3, intracellular staining permeabilization wash 
buffer (10x), Foxp3 Fix/Perm buffer set, PerCP/Cy5.5 anti-mouse CD4, monesin, 
brefeldin A, fixation buffer, flow cytometry cell staining buffer (FCSB), CFSE cell 
division tracker kit, APC rat IgG2b kappa isotype ctrl, PE mouse IgG1 kappa isotype 
ctrl, PerCP/Cy5.5 rat IgG2b kappa isotype ctrl, PE rat IgG2b kappa isotype ctrl, FITC 
rat IgG2a kappa isotype ctrl, APC rat IgG1 kappa isotype ctrl were purchased from 
BioLegend (San Diego, CA, USA). All other chemicals were of analytical grade. 
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4.2.2. Protein-phenolic compounds complexation 
The WPI-phenolic compound complexes were obtained by the mixture of WPI 
with CA or EGCG stock solutions in deionized water in a molar ratio 1:1. The 
complexation was carried out at 25 °C for 60 min at dark, using 0.1 M HCl to adjust pH 
at 3.5. As WPI contains a mixture of proteins with broad molecular mass (MM) 
distribution, the MM of this complex was estimated by weighted average of the 
prevalent proteins (β-lg - 18.4 kDa, 50-70%; α-la - 14.2 kDa, ~ 20%; and BSA - 66 
kDa, ~ 5%) (31). Therefore, the WPI apparent MM was assumed to be 20 kDa. 
Complexes were freeze-dried and stored at -20 °C. The total nitrogen content of WPI 
and WPI-phenolic compounds complexes was determined by micro-Kjeldahl method 
(30) and the protein content was calculated using 6.38 as a conversion factor.  
 
4.2.3. Oral Sensitization and Challenge of Mice with WPI 
The experimental design of oral sensitization and challenge of mice is 
demonstrated in Figure 1. Female C3H/HeJ mice used in this study were obtained from 
the Multidisciplinary Center for Biological Research, University of Campinas (Cemib-
Unicamp). The experimental and control groups consisted of 3 to 6 mice fed ad libitum 
with a cow’s milk-free diet (Nuvilab®, Curitiba, Brazil) maintained under specific 
pathogen-free (SPF) conditions, with controlled light, temperature and humidity in the 
Laboratory of Translational Immunology (LTI) facilities, University of Campinas 
(Campinas, SP, Brazil). The animal experiments were approved by the Ethics 
Committee on Animal Experiments of the University of Campinas under the protocol 
number 4097-1 (Campinas, SP, Brazil). 
The animals at 8 weeks of age were divided into four groups (n = 3 to 6 mice per 
group). The experimental groups were orally sensitized on day 0, 7, 14 and 21 with 1 
mg/g weight of WPI, WPI-CA or WPI-EGCG plus 0.3 μg/g weight of cholera toxin 
(CT) in saline-phosphate buffer (PBS) in a final volume of 0.2 mL/animal. Negative 
control group (non-sensitized) was administrated orally with PBS and CT only. On day 
28, all mice were challenged with a 30 mg dose of WPI in PBS (without CT). After 30 
min of oral challenge, animals were intraperitoneally anaesthetized with ketamine 
hydrochloride: 150 mg/kg and xylazine hydrochloride: 10 mg/kg, (both from Vetbrands, 
Paulínia-SP, Brazil) and peripheral blood were collected by cardiac puncture for serum 
separation. Blood samples were centrifuged at 25 °C for 15 min at 800xg and sera were 
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stored at -20 °C for ELISA analysis. The spleen was aseptically removed and used as 















Figure 4.1: Experimental design of WPI-induced allergy in a mice model. 
 
4.2.4. Measurement of serum WPI-specific antibodies  
The WPI-specific IgE, IgG1 and IgG2a serum levels were measured by indirect 
enzyme-linked immunosorbent assay (ELISA), as previously described (32, 33), with 
some modifications. Briefly, high-binding polystyrene microtiter plates (Corning, 
Cambridge, MA, USA) were coated with 20 µg of WPI overnight at 4 °C. Plates were 
washed (after each incubation step) and blocked with 50 mM Tris-buffered saline (pH 
7.4) containing 0.05% Tween 20 (TBS-T). Serum samples (1:250 for IgE, 1:1000 for 
IgG1 and 1:500 for IgG2a) were applied and incubated overnight (IgE) or for 2 h at 37 
°C (IgG1 and IgG2a). Afterwards, the plates were incubated with goat anti-mouse IgG1 
heavy chain (HRP) (1:400,000) or goat anti-mouse IgG2a heavy chain (HRP) 
(1:500,000) for 1 h at 37 °C. For IgE quantifications, the plates were previously 
incubated with anti-mouse IgE antibody, followed by incubation with HPR conjugated 
antibody against anti-mouse IgE antibody. After the washing step, the TMB (3,30,5,50-
tetramethylbenzidine) solution (BD optEIA TMB substrate reagent set – BD 
Bioscience) was added to the plates (100 µL per well) and incubated for 15 min. The 
reaction was stopped with H2SO4 (0.18 mol L-1) and absorbance was measured at 450 
8 weeks-old female C3H/HeJ mice (n = 3 to 6)  
 
Day       0 
Sensitization phase 
Orally sensitization with 1mg/g weight of WPI, WPI-CA or 
WPI-EGCG diluted in saline-phosphate buffer (PBS) 
containing CT 0.3 μg/g weight of in a final volume of 0.2 
mL/mouse 
7 21 14 28 
- Whey specific antibodies  
- Mast cell protease-1 




Orally challenge with 30 mg of 
WPI in PBS/animal 
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nm on an automated spectrophotometer reader (Spectra Max 190, Molecular Devices, 
Toronto, Canada). The results were expressed as the concentration (ng/mL) of antigen 
specific antibody using the standard curve of IgE, IgG1 or IgG2a as previously 
described (29, 30). 
 
4.2.5.  Measurement of mouse mast cell protease-1 (mMP-1) 
Serum concentration of mouse mast cell protease-1 (mMCP-1) was determined 
using a commercial ELISA kit (Thermo Fisher Scientific Inc., Waltham, MA) according 
to the manufacturer’s protocol. 
 
4.2.6. Lymphocyte proliferation assays 
The proliferation of TCD4
+
 lymphocytes, obtained from mice spleen, was 
analyzed as described by Thomé and co-workers (34) with adaptations. Briefly, the cell 
suspensions of splenocytes were previously stained with 1.25 µM of CFSE probe 
according to manufacturer’s recommendations. Cells were seeded at 2 x 105 cell/well in 
the presence of 75 μg/mL of WPI and IL-2 (10 ng/mL), or with the mitogenic stimulus 
of concanavalin A (ConA - 3 μg/mL) in RPMI 1640 medium supplemented with 25 mM 
HEPES, 10 U/mL of penicillin, 10 µg/mL of streptomycin, and 5 µg/mL of Fungizone 
and with 10% of FBS. The plates were incubated for 96 h at 37 °C in humidified 
incubator with CO2 5%. After this period, cells were washed with PBS and stained with 
the viability probe Zombie NIR™ fixable viability kit (BioLegend). After washing with 
flow cytometry cell staining buffer (FCSB), cells were stained with fluorochrome-
conjugated monoclonal antibody anti-mouse CD4 PercP-Cy5.5 (Biolegend) and then 
fixated with Fixation Buffer (Bilegend) according to manufacturer recommendations. 
The samples were acquired in FACsVerse™ Flow Cytometer (BD-Bioscience San Jose, 
CA, USA) and data analyzed with FCS Express V6 software (De Novo Software, 
Glendale, CA, USA). 
 
4.2.7. Phenotyping and functional evaluation of TCD4+ cells 
The functional profile of TCD4
+
 cells was analyzed by the in vitro restimulation 
of splenocytes with WPI (75 µg/mL) in RPMI 1640 medium supplemented with 25 mM 
HEPES, 10 U/mL of penicillin, 10µg/mL of streptomycin, and 5 µg/mL of Fungizone 
and with 10% of fetal bovine serum for 18 h at 37 °C in humidified incubator with 5% 
CO2 atmosphere. For the detection of intracellular cytokines, cells were additionally 
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stimulated with ionomycin (20 µg/mL) and phorbol 12-myristate 13-acetate (PMA, 200 
ng/mL) for 5 h, in the presence of Golgi complex blockers brefeldin A (5 µg/mL) and 




) frequency analysis the cultures 
described above were maintained for 96 h at 37 °C in a humidified incubator with 5% 
CO2 atmosphere. After the restimulation period, cells were washed with PBS and 
stained with the viability probe Zombie NIR™ fixable viability kit (BioLegend), 
followed by staining of the cell surface antigens (CD4 and LAP) with their respective 
fluorochrome conjugated antibodies diluted in FCSB. After wash cycles with FCSB, 
cells were fixed by incubation for 20 min with fixation buffer, after wash cycle with 
FCSB, cells were permeabilized with intracellular staining permeabilization wash buffer 
and stained for the intracellular cytokines (IL-2, IFN-γ, IL-4, IL-10 and IL-17A) with 
their respectives fluorochrome conjugated antibodies diluted in permeabilization buffer, 
according to manufacturer’s recommendations. Foxp3 intracellular staining was carried 
out using Foxp3 Fix/Perm buffer set (BioLegend) and the anti Foxp3 fluorochrome 
conjugated specific antibodies, according the manufacturer’s protocol. The cells were 
also stained with irrelevant isotype controls for each cell marker analyzed. The samples 
were acquired in FACsVerse™ Flow Cytometer (BD-Bioscience San Jose, CA, USA) 
and data analyzed with FCS Express V6 software (De Novo Software, Glendale, CA, 
USA). 
4.2.8. Statistical analyses 
Results were expressed as mean ± SEM and were analyzed by the parametric 
one-way ANOVA and Bonferroni’s multiple comparisons test. For all analyses, p 













4.3.1. Effect of complexes on WPI-specific serum antibodies and 
mMCP-1 levels  
The WPI-specific antibodies IgE, IgG1, and IgG2a, as well as mouse mast cell 
protease-1 levels were measured in the animal serum by ELISA (Figure 4.2). The non-
sensitized (non-sens) group presented negligible levels of WPI-specific antibodies in the 
serum (Figure 4.2). WPI-CA sensitized group showed a significant decrease of IgE, 
IgG1 (p ≤ 0.05), and IgG2a (p ≤ 0.001) compared to WPI sensitized group. WPI-EGCG 
sensitized group, in turn, showed a general tendency to reduce specific antibodies 
compared to WPI sensitized group, however significant decrease was observed only in 
IgG2a levels (p ≤ 0.001).  
The concentration of the mast cell protease-1 (mMCP-1), a chymase expressed 
by intestinal mucosal mast cells, was measured in the animal serum to investigate the 
mucosal mast cell degranulation. The oral treatment with complexes significantly 
reduced the concentration of MMCP-1 in the serum of WPI-CA group (p ≤ 0.001) and 
WPI-EGCG group (p ≤ 0.05) – Figure 4.2.  
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Figure 4.2: Oral treatment with WPI-CA and WPI-EGCG decreases WPI-specific antibodies 
IgE, IgG1 and IgG2a, and mMCP-1 levels in mice serum. Mice were orally sensitized with 
cholera toxin + PBS only (non-sensitized group), or 1mg/g weight/animal of WPI, WPI-CA or 
WPI-EGCG + cholera toxin in PBS for four weeks and after 7 days challenged with 30 
mg/animal WPI in PBS. WPI-specific antibodies and mMCP-1 levels were measured by 
ELISA. Columns and error bars represent the mean ± SEM (n = 3 to 6). Asterisk indicates 
significant differences (*p ≤ 0.05 and **p ≤ 0.001- Bonferroni’s multiple comparisons test) 
between WPI and WPI-CA or WPI and WPI-EGCG.  
 
4.3.2. Effect of complexes on the TCD4+ cell proliferation and their 
functional profile 
In vitro restimulation of TCD4
+
 cells, obtained from splenocytes cell suspension, 
with WPI in the presence of IL-2 resulted in significant reduction of CD4
+
 T cell 
proliferation (p ≤ 0.05) in the group sensitized with WPI-EGCG (Figure 4.3 - Panel B-
1) compared with WPI group. Since Concanavalin A (Con A) is a mitogen capable of 
activating T cells in an antigen-independent manner (35), this compound was used as a 
positive control of CD4
+
 T cell proliferation rate (Figure 4.3 - Panel B-2). Both WPI-
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CA and WPI-EGCG sensitized groups presented significant reduction of CD4
+
 T cell 
proliferation compared either to non-sensitized or WPI sensitized group (p ≤ 0.001) 




Figure 4.3: Oral treatment with WPI-CA and WPI-EGCG complexes reduces proliferation of 
CD4
+
 T cells restimulated in vitro with WPI in the presence of IL-2 or ConA. Panels A and C: 
representative dot plots obtained from flow cytometry analysis, T cell proliferation was assessed 
excluding dead cells using the viability probe (Zombie NIR™) and analyzing the frequency of 
CD4
+
 T cells presenting decay of the probe CFSE (CFSElow- upper left population on dot 
plots). Panel B: Summarized data were expressed as mean ± SEM (n = 3 to 6). Cells were 
restimulated with 75 µg/mL WPI plus IL-2 (10 ng/mL) and Panel D the cells stimulated with 3 
µg/mL of concanavalin A (ConA) for 96 h. Number sign indicates significant differences (#p ≤ 
0.05 and ##p ≤ 0.001- Bonferroni’s multiple comparisons test) between non-sensitized and 
sensitized mice (WPI, WPI-CA and WPI-EGCG) mice. Asterisk indicates significant 
differences (*p ≤ 0.05 and **p ≤ 0.001- Bonferroni’s multiple comparisons test) between WPI 
and WPI-CA or WPI-EGCG sensitized mice.  
  
Th1 and Th2 cell activation profile play an important role in allergy induction 
(14). The percentage of CD4
+
 IFN-γ+ Th1 cells was increased in both WPI-CA and 
WPI-EGCG sensitized groups, however this increase was significant (p ≤ 0.05) only in 
the WPI-EGCG group (Figure 4.4 - Panel B-1). There were no significant differences in 
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 Th1 cells among groups (data not shown). Regarding the 









 Th2 cell frequencies than WPI sensitized group (Figure 4.4 - 





Figure 4.4: Effects of WPI-CA and WPI-EGCG complexes oral treatment on the frequency of 
Th1 and Th2 in CD4
+
 T cells. Panel A: representative dot plots obtained from flow cytometry 
analysis, TCD4
+
 intracellular cytokines were assessed excluding dead cells using the viability 
probe (Zombie NIR™) and analyzing the frequencies of CD4+ T cells expressing IFN-γ, IL-4 











 (Th2) producing-cells were expressed as mean ± 
SEM (n = 3 to 6). Number sign indicates significant differences (#p ≤ 0.05 - Bonferroni’s 
multiple comparisons test) between non-sensitized and sensitized mice (WPI, WPI-CA and 
WPI-EGCG). Asterisk indicates significant differences (*p ≤ 0.05 - Bonferroni’s multiple 
comparisons test) between WPI and WPI-CA or WPI-EGCG sensitized mice. 
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The TGF-β1 producing T cells in the intestinal mucosal region have an 
important role in the establishment of oral tolerance to dietary antigens (36). 
Furthermore, a particular TCD4
+
 regulatory cell expressing the membrane-bound 
latency-associated peptide (LAP)/TGF-β complex and the transcriptional factor Foxp3 
exert important immunomodulatory mechanisms that leads to systemic suppression to a 





β1) T FoxP3+ cells and the CD4+ FoxP3+ LAP- populations. The mice treated with WPI-
EGCG showed significant (p ≤ 0.001) increased expression of CD4+ Foxp3+ T cells 
compared to WPI sensitized mice (Figure 4.5 – Panel B-1). Both WPI-CA and WPI-





 (TGF-β1) T FoxP3+ cells than non-sensitized group (Figure 
4.5 – Panel B-2), and WPI-CA also presented higher expression (p ≤ 0.05) of this 
population of cells than WPI (Figure 4.5 – Panel B-2). 
Another important functional population investigated was the Th17 cell, which 
presents a plastic functional phenotype in mucosal derived immune responses (10, 12). 
Here we evaluated the production of IL-17A on CD4
+
 T cells in in vitro restimulated 
splenocytes obtained from the different experimental groups. Both WPI-CA and WPI-
EGCG showed significant (p ≤ 0.05) increased expression of CD4+ IL-17A T cells; 
while sensitization with WPI resulted in even lower frequency (p ≤ 0.05) of these cells 








Figure 4.5: Effects of WPI-CA and WPI-EGCG complexes on the percentage of Treg and Th17 
cells among CD4
+
 T cells in spleens of oral sensitized mice. Panel A: representative dot plots 











populations were assessed excluding dead cells using the viability probe (Zombie NIR™) and 
analyzing the frequencies of CD4
+
 T cells positive to Foxp3 marker only (lower right population 
on dot plots), and CD4
+
 T cells positive to Foxp3 and LAP
+
 (TGF-β1) (upper right population 











 (TGF-β1), and Panel D: CD4+ IL-17A+ (Th17) were expressed as mean ± SEM (n = 3 to 
6). Number sign indicates significant differences (#p ≤ 0.05 and ##p ≤ 0.001 – Bonferroni’s 
multiple comparisons test) between non-sensitized and sensitized mice (WPI, WPI-CA and 
WPI-EGCG). Asterisk indicates significant differences (*p ≤ 0.05 and **p ≤ 0.001 – 




Caffeic acid has an anti-allergic property related to the formation of complexes 
with allergenic proteins and consequent inhibition of IgE-binding (25). EGCC in 
addition to the formation of complexes with allergenic proteins, also presents inhibitory 
effect on mast cell degranulation, release of histamine and uptake of proteins by 
monocytes (27, 29). Herein, we investigated the capacity of WPI-CA and WPI-EGCG 
complexes to induce oral tolerance in mice. Our results suggest that although WPI-CA 
did not significantly change the Th1/Th2 response, it did change the regulatory T 
(Tregs) and Th17 cell profiles when compared to WPI treated mice. This modification 
should explain the lower levels of WPI-specific IgE, IgG1 and IgG2a, as well as 
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mMCP-1 in serum (Figure 4.2) observed in the mice treated with WPI-CA. On the other 
hand, oral treatment with WPI-EGCG significantly modified the functional profile of 
Th1/Th2 and Treg cells compared to WPI sensitized mice. The mice treated with this 
complex presented reduced levels of WPI-specific IgG2a and mMCP-1 (Figure 4.2) in 
serum, but not WPI-specific IgE and IgG1. Furthermore, the oral treatment with both 
complexes was capable of decreasing CD4
+
 T cell proliferation under restimulation with 
WPI (75 µg/mL) plus IL-2 or with ConA in culture (Figure 4.3), indicating an anti-
proliferative effect of complexes. Taken together, our results suggest that WPI-CA and 
WPI-EGCG induce oral tolerance to whey proteins and the tolerance mechanism is 
differently mediated when one or another complex is administrated.  
The production of antigen-specific IgE antibodies by B cells after exposure to an 
antigen characterizes the first phase of IgE-mediated allergy response (37). The 
decreased levels of WPI-specific IgE, as well as IgG1 (Figure 4.2), suggest that the oral 
treatment with WPI-CA attenuated the sensitization phase of allergy. The challenge 
phase of allergy, in turn, is characterized by the cross-linking of FCεRI due to antigen 
binding to IgE on the surface of mast cells, which results in the release of inflammatory 
mediators (38). Mast cell protease-1 plays an important role in histamine release by 
mast cells, eosinophil recruitment, and the induction of allergic response (6). The 
reduced levels of mMCP-1 in serum (Figure 4.2) indicate that oral treatment with both 
complexes could have avoided the cross-linking of FCεRI on the surface of mast cells, 
impacting also in the challenge phase of allergy. The reduced levels of mMCP-1 in the 
serum of animals treated with WPI-CA are in accordance with the lower levels of WPI-
specific IgE observed in this group. Oral treatment with WPI-EGCG did not 
significantly reduce WPI-specific IgE and IgG1, but did cause an important reduction of 
mMCP-1 release. Thus, we consider that EGCG may have maintained its anti-allergic 
properties upon complexation with WPI, such as the capacity to suppress FCεRI 
expression on the surface of effector cells (23, 29). 
T cell activation is initiated by recognition of antigen peptide in a context of 
MHC molecule and this recognition is done by a T cell receptor (TCR) (35). Since T 
cell activation leads to proliferation, the reduced proliferation of CD4
+
 T cells under 
restimulation with WPI + IL-2 or Con A (Figure 4.3) suggest that treatment with 
complexes decreases T cell activation in mice. The anti-proliferative effect of phenolic 
acids and catechins isolated or in plant extracts is already well-known (39). Caffeic acid 
reduces cancer growth through the induction of apoptosis of cancer cells (40). On the 
 
Capítulo 4. Artigo 2 89 
 
 
other hand, EGCG suppresses either ConA or antigen-induced T cell proliferation 
mainly through a direct effect on T cells (41, 42). In a previous study of our research 
group, polyphenols present in Passiflora alata leaves, among them catechin and 
epicatechin, may have contributed to the anti-proliferative effect of lymphocytes 
stimulated in culture by Con A (43). Nevertheless, here we showed the anti-proliferative 
effect of WPI-phenolic compounds complexes rather than isolated phenolic compounds. 
This result suggests that complexation with proteins likely protected the bioactive 
properties of phenolic compounds during gastrointestinal digestion or even that a 
synergic anti-proliferative effect of proteins and phenolic compounds are taking place.  
Moreover, considering that animals were orally sensitized with WPI or complexes, and 
CD4
+
 T cell proliferation was investigated in vitro by restimulation of splenocytes with 
WPI (but not with WPI-phenolic compounds complexes), IL-2 or Con A, we consider 
that WPI-phenolic compound complexes showed an in vivo anti-proliferative effect. 
This effect could be related to the clonal anergy induction on TCD4
+
 cells, or other 
suppressive tolerogenic mechanisms induced in oral tolerance (5, 44). 
Allergy is generally considered a disease related to an imbalance of Th1/Th2 
immune response toward Th2 profile, which results in the production of IgE (45). In 
this sense, we investigated the Th1/Th2 cell functional profile by flow cytometry. WPI-
CA did not significantly affect the Th1/Th2 functional profile of splenocytes 
restimulated with WPI (Figure 4.4). Castro-Junior and co-workers showed no 




 producing cells and similar higher levels of 
IL-2 and IL-10 cytokines between immunized and tolerant mice to ovalbumin (OVA) 
(6). The authors suggested that instead of specific inhibition of lymphocyte activity, 
tolerant mice also showed similar levels of global lymphocyte activity (6). However, the 
outcome of T cell activation was qualitatively different (6). Our results support this 
idea, since WPI-CA oral treatment resulted in a similar functional profile of T cells. 
Nonetheless the animals presented lower levels of WPI-specific antibodies and mMCP-
1 than WPI sensitized group (Figure 4.2). Additionally, our results could suggest that 
the inhibitory effect of WPI-CA on WPI-induced food allergy does not arise from a 
modulation of Th1/Th2 response, but rather because of Tregs activation. 
WPI-EGCG oral treatment, in turn, apart from reducing CD4
+
 T cell 
proliferation (Figure 4.3), also affected Th1/Th2 functional profile through an increase 
of the CD4
+
 IFN-γ+ Th1, CD4+ IL-4+ Th2, and CD4+ IL-10+ Th2 producing-cells 




 Th2 producing-cells in this group of 
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mice (Figure 4.4) could be the reason why this complex did not significantly drop the 
specific-WPI IgE and IgG1 levels. During the sensitization phase of allergic diseases, 
the differentiation and clonal expansion of allergen-specific CD4
+
 Th2 cells producing 
IL-4 is essential for the induction of B-cell class-switch to the ε-immunoglobulin heavy 
chain and the production of allergen specific IgE antibody (46, 47). However, 
limitations in detection of IL-4 cytokine have to be considered in the analysis of Th2 
populations, as previously described (48). On the other hand, the raised frequency of 
CD4
+
 IFN-γ+ Th1 and CD4+ IL-10+ Th2 may be protective against allergic reaction and 
cooperate in the induction of tolerance to allergen (45, 49). Lee and co-workers (49) 
demonstrated that IFN-γ, when produced during oral tolerance induction, down-
regulates migration of T cells to peripheral sites of inflammation. IL-10, in turn, is 
considered a regulatory cytokine, especially in the presence of TGF-β, and increased 
secretion of this cytokine has been related to successful allergen desensitization 
therapies (46, 50). Moreover, IL-10 could reduce the expression of MHC class II 
molecules and various co-stimulatory molecules in macrophages and dendritic cells 
(DC) (51). Lee and co-workers (45) recently demonstrated that oral administration of 
Aloe vera gel increased the production of IL-10 in mice. The authors associated the 
increased release of this cytokine to the suppression of OVA-induced food allergic 
symptoms (45).  
Regulatory T cells (Treg) constitute an essential mechanism for the 
establishment and maintenance of tolerance to self-antigens, since these cells suppress 
both the sensitization and effector phases through different modes of action (46, 52). In 
the present work, oral treatment of mice with WPI-CA resulted in significant 




 (TGF-β1) T FoxP3+ cells, while WPI-





cells compared to WPI sensitized mice (Figure 4.5). These results indicate that both 
complexes induced oral tolerance by activation of different populations of Tregs. Treg 
cells suppress immune response directly by cell-cell contact or indirectly by releasing 
anti-inflammatory cytokines, such as IL-10 and transforming growth factor-β1 (TGF-
β1) (6, 41). Tregs can inhibit the antigen-induced activation and degranulation of mast 
cells and basophils, as well as the suppression of mast cell FCεRI expression (53). This 
could explain the expressive reduction of mMCP-1 in the serum of mice treated with 
WPI-EGCG without significant reduction of WPI-specific IgE and IgG1 (Figure 4.2). 
Treg cells can still promote the generation of tolerogenic DC cells and avoid DC 
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maturation (54); impair the infiltration of eosinophils and other effector T cells into 
inflamed tissues by the release of IL-10 and TGF-β rather than by cell-cell contact-
dependent mechanisms (55). These mechanisms could also be involved in the anti-
allergic effect of WPI-CA and WPI-EGCG showed herein.  
Recently, it has been suggested that Th17 subset of T cells may play a role in the 
prevention and management of food allergy, which makes IL-17 a potential biomarker 
for tolerance to food allergens (9, 11). Dhuban and co-workers (9) reported that food-
allergic children presented an impaired Th17 response to antigen stimulation in vitro. 
The raised frequency of CD4
+
 IL-17A (Th17) cells in splenocytes of mice treated with 
both WPI-CA and WPI-EGCG (Figure 4.5) could indicate that Th17 cells, at least 
partially, were involved in the attenuation of allergic reaction. Furthermore, it has 
recently been suggested a plasticity in the functions of Th17 cell, i.e., Th17 cell could 
transdifferentiate into regulatory T cell profile depending on the environmental context 
(10, 12). For instance, TGF-β is a key inducer for both FoxP3+ Treg and Th17 
development (10). On the other hand, all-trans retinoic acid (ATRA), a vitamin A 
metabolite, induces T cell differentiation towards Treg while acts as an inhibitor for 
Th17 skewing (10). 
It is important to emphasize that when a new component is added to a food 
matrix, the digestion process could be modified (56-58). The complexation with 
phenolic compounds may have changed the WPI digestion pattern in a way that 
different peptides were released and absorbed. If different peptides are formed, the 
immune system may not recognize those peptides as allergens due to the destruction of 
antigenic regions (epitopes). Moreover, the different peptides released may even work 
as immunomodulatory compounds. The capacity of whey protein hydrolysates to induce 
oral tolerance has already been demonstrated (4). WPI could still have acted as a carrier 
for CA and EGCG, protecting them from degradation during the gastrointestinal 
digestion, which might have favored the maintenance of phenolic compounds anti-
allergic property, such as the inhibitory effect on mast cell degranulation, observed in 
the present work (56-58). Therefore, the possible immunomodulatory properties of 
digested complexes associated to the anti-allergic properties of phenolic compounds 
could yield a synergic anti-allergic effect owe to the complexation. This might be 
related to the reduced WPI-specific antibodies and mast cell degranulation without any 
significant change in Th1/Th2 balance in WPI-CA treated animals, for instance. 
Nevertheless, a detailed investigation of the effect of complexation on the digestion, 
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physicochemical characteristics and bioactive properties of the peptides released, must 
be carried out to confirm this hypothesis.  
 
4.5.Conclusions 
Oral sensitization of mice with WPI-CA attenuated allergic reaction by 
decreasing levels of WPI-specific IgE and IgG1 in serum, antibodies known for their 
association to with inducing allergic symptoms in mice. Moreover, both WPI-CA and 
WPI-EGCG were capable of decreasing the levels of mMCP-1 in serum, indicating that 
the mucosal mast cell activation and degranulation were reduced. Our results suggest 
that oral treatment with WPI-phenolic compound complexes tend to induce tolerance to 
WPI through different mechanisms. The WPI-EGCG complex probably modulates the 
immune response through the increase of CD4
+





 IL-17A (Th17). On the other hand, WPI-CA might modulate 




 (TGF-β1) T FoxP3+ and CD4+ IL-
17A (Th17) cell. In conclusion, we suggest that complexation with CA or EGCG can be 
a promising strategy to reduce the oral sensitization capacity of WPI.  
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CAPÍTULO 5. ARTIGO 3. Effect of whey protein isolate complexation with caffeic acid 
and ( - )-epigallocathechin-3-gallate on the degranulation of RBL-2H3 cells 
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Complexation of allergenic proteins with phenolic compounds could cause changes in 
protein structure and, consequently, on their allergenicity. In the present study, we 
investigated the capacity of complexes of whey protein isolate with caffeic acid (WPI-CA) or 
( - )-epigallocathechin-3-gallate (WPI-EGCG) to prevent the degranulation of RBL-2H3 
cells. The complexes were produced at 25°C and pH 3.5 or 7.0 and the degranulation of 
RBL-2H3 cells upon treatment with complexes was analyzed before and after the 
sensitization of cells with anti-DNP IgE. According to our results, the complexation with CA 
or EGCG did not have the ability to prevent β-hexosaminidase release by RBL-2H3 cells 
when applied before the sensitization of cells with anti-DNP IgE. Nonetheless, WPI-EGCG-
3.5 significantly reduced the β-hexosaminidase release in a dose-dependent manner in 
previously anti-DNP IgE sensitized RBL-2H3 cells. In short, we consider that the WPI-
EGCG-3.5 complex can be promising for the obtaining of a new dairy hypoallergenic and 
anti-allergic product. 
 












Cow's milk allergy (CMA) is an immunologically mediated adverse reaction to 
one or more milk proteins and is the most common type of food allergy in early 
childhood
1
. The most common milk allergens are caseins and the main whey proteins, 
β-lactoglobulin (β-lg) and α-lactoalbumin (α-la). CMA is characterized by immediate 
hypersensitivity reaction, which involves the T helper 2 (Th2) cell activation and the 
IgE antibodies production (sensitization phase)
2
. IgE-binding to the high affinity 
receptor (FcεRI) on mast cells or basophil surface, followed by the cross-linking of 
these IgE-antibodies by food allergens, causes degranulation of effector cells 
(challenge/effector phase)
2
. Mast cells and basophils play a central role in immediate 
allergic inflammation through the release of inflammatory mediators such as histamine, 
cysteinyl leukotrienes, cytokines and chemokines. These inflammatory mediators are 
the responsible for the typical symptoms of food allergy, which may involve skin 
(eczema), gastrointestinal tract (vomiting, diarrhea), and the vascular system (hives, 
swelling, and even anaphylactic shock)
3, 4
. Thus, most of the therapeutic intervention in 
allergic disease has focused on suppressing IgE production and blocking the action of 




Since superoxide generation plays an important role in mast cell activation, it 
has been proposed that compounds which present antioxidant capacity could present an 
anti-allergic effect as well
5, 6
. Phenolic compounds are secondary metabolites of plants, 
produced as defense against aggressive agents, well-known for its antioxidant activity, 
as well as modulation of the activity of some antioxidant enzymes, such as glutathione 
antioxidant enzymes (glutathione peroxidase and glutathione reductase), the prevention 
of chronic inflammation, cardiovascular diseases, cancer and diabetes, and the anti-
allergic properties
4, 7-9
. Additionally, the inhibitory effect on the activation and 
degranulation of mast cell
10, 11 and on the expression of FCεRI on these cells surfaces12 
have been proposed as molecular mechanisms responsible for the anti-allergic capacity 
of phenolic compounds. Likely, the anti-allergic capacity of phenolic compounds is not 
limited to only one, but rather involves different mechanisms which take place at the 
same time
4
. Epigallocatequin-3-gallate (EGCG), for instance, presents an anti-allergic 
property due to its inhibitory effect on degranulation of mast cells, histamine release, 
and proteins uptake by monocytes
13-15
. Caffeic acid (CA) is other phenolic compound 
that has high antioxidant capacity and anti-allergic property. This phenolic acid is a 
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metabolite of chlorogenic acid which is widely present in coffee and fruits, especially in 
the citrus
6, 7, 16
. Hossen and co-workers
17
 reported that CA significantly inhibited 
histamine release from skin mast cell induced by compound 48/80, which is a polymer 
produced by the condensation of N-methyl-p-methoxyphenethylamine with 
formaldehyde that causes mast cell histamine release by Ca
2+
 influx mechanism. 
Moreover, in vitro and in vivo anti-allergic property of natural products containing CA, 
such as propolis has been reported
18, 19
. Phenolic compounds can further change the 




Interactions between phenolic compounds and proteins could affect the structure 
and physicochemical properties of protein, such as solubility, thermal stability and 
digestibility
24
. Thus, complexation of allergenic proteins with phenolic compounds 
could cause changes in protein allergenicity due to modifications of specific portions 
which bind to antibody (epitopes), or due to protein bioavailability decrease
22, 23, 25
. The 
decrease of peanut and egg proteins allergenicity due to complexation with phenolic 
compounds was recently demonstrated
14,22,23,26,27
. Plundrich and co-workers
28
 
demonstrated that RBL-2H3 cells previously sensitized with anti-DNP IgE treated with 
peanut protein–cranberry and protein-blueberry polyphenol complexes challenged with 
DNP-BSA showed decreased β-hexosaminidase and histamine release. Since the cells 
were co-stimulated with ionomycin, which is a well-known Ca
2+
 influx inductor, the 
authors suggested that the complexes present a Ca
2+
-mediated inhibitory mechanism on 
degranulation of RBL-2H3 cells
29
. However, studies on the effect of protein-phenolic 
compounds interaction on milk protein allergenicity are scarce and most of them are 
facing the impact of the complexation in bioactivity and bioavailability only of the 
phenolic compounds
30-33
. Taking in account the possible advantages of milk proteins 
and phenolic compounds complexation for anti-allergic purposes, herein we 
investigated the ability of the complexation of WPI with CA or EGCG to attenuate the 
typical anaphylaxis process driven by the allergen cross-linking of FCεRI on the surface 
of basophil and mast cells. For this purpose, an in vitro degranulation assay consisting 
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5.2.Materials and Methods 
5.2.1. Materials 
Whey protein isolate was obtained from Provon®292 (Glanbia Nutritionals, 
Kilkenny, Ireland). The total nitrogen content of WPI was determined by micro-
Kjeldahl method
34
 and the protein content, 87.5% ± 1.4, was calculated using 6.38 as a 
conversion factor. Caffeic acid (95% purity) and EGCG (80% purity) were purchased 
from Sigma-Aldrich® (St. Louis, MO, USA), as well as the proteins α-lactalbumin (α-
la, Type III, L6010) and β-lactoglobulin (β-lg, L3908) from cow’s milk.  
 
5.2.2. Protein-phenolic complexation 
The WPI-phenolic complexes were obtained by mixture of WPI with CA or 
EGCG stock solutions in deionized water in order to obtain protein: phenolic 
compounds molar ratio 1:1. The complexation was carried out at 25 °C for 60 min at 
dark, using 0.1 M HCl or 0.1 M NaOH to adjust pH at 3.5 and 7.0, respectively. As WPI 
contains a mixture of proteins with broad molecular mass (MM) distribution its MM 
was estimated by weighted average of the prevalent proteins (β-lg - 18.4 kDa, 50-70%; 
α-la - 14.2 kDa, ~ 20%; and BSA - 66 kDa, ~ 5%)35. Therefore, the WPI apparent MM 
was assumed to be 20 kDa. Since the complexation involved the addition of other 
components to WPI solution and consequent dilution of protein content per unit weight, 
the protein content of complexes were determined by micro-Kjeldahl method
34
 and all 
experiments were normalized to equal protein content. 
 
5.2.3. β-lactoglobulin protein ELISA  
Detectable β-lg in the WPI-CA and WPI-EGCG complexes were analyzed using 
the Beta-Lactoglobulin ELISA Residue Kit (ELISA Systems, WSMRDBLG-96) 
according to the manufacturer's protocol. 
 
5.2.4. Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) 
The pattern of the proteins in the complexes was analyzed with SDS-PAGE. A 
Bio-Rad Mini-PROTEAN II system was used with a 20% TGX gel (Bio-Rad). 
Molecular weight markers (Bio-Rad) were used as a reference. The proteins were 
diluted in a 1:3 ratio with reducing sample buffer (6.05 g Tris, 8.0 g SDS, 3.2 g 
dithiothreitol, 20 mg bromophenol blue in 60 mL H2O and 40 mL glycerol 87%, pH 
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6.8) and 50 μg of protein was loaded on the gel. The marker is a standard broad-range 
marker with a range of 250–10 kDa (Precision Plus Protein Standards; Bio-Rad). The 
proteins were stained in the gel using silver staining according to Wray et al(1981). 
 
5.2.5. RBL-2H3 cells degranulation 
RBL-2H3 cells were plated at 5 × 10
4
 cell/well in 96-well plates in Eagle’s 
minimum essential medium (EMEM) containing 10% fetal calf serum (FCS) and 1% of 
Penicilline-Streptomycine (Pen-Strep) at 37 °C in 5% CO2. After seeding for 4 h, cells 
were incubated for 2 h at 37 °C in 5% CO2 with WPI, WPI-CA-7.0, WPI-CA-3.5, WPI-
EGCG-7.0, and WPI-EGCG-3.5 in the concentrations varying from 0.03 to 1 mg/mL. 
Isolated CA and EGCG in the correspondent concentration present in the complexes 
were also used. Then, cells were washed three times with RPMI medium containing 1% 
of FCS (washing buffer), followed by incubation with 10% of anti-DNP IgE for 1 h at 
37 °C in 5% CO2.  After washing as described above to remove excess IgE, cells were 
incubated with two different concentrations (5 or 50 ng/mL) of bovine serum albumin 
conjugated with multiple dinitrophenyl molecules (DNP-BSA) for 1 h at 37 °C in 5% 
CO2. Negative control of the assay was performed by the incubation of sensitized cells 
with medium without DNP-BSA (minimum β-hexosaminidase release), while positive 
control was carried out by the incubation of cells with Triton X-100 (maximum β-
hexosaminidase release). Control of sensitized cells with anti-DNP and challenged with 
DNP-BSA only (without any previous treatment with complexes) was also included. 
Following DNP-BSA challenge, Triton X-100 (5 μL/well) was added to the positive 
control designated wells and the plates were centrifuged at 800xg for 5 min. Lastly, the 
supernatant in each well was collected to carry out the β-hexosaminidase assay.  
The degranulation of RBL-2H3 cells were investigated also after the 
sensitization with anti-DNP IgE. In order to do so, right after seeding step, cells were 
sensitized overnight with 10% of anti-DNP IgE. Following three times washing, cells 
were then incubated with the complexes for 2 h at 37 °C in 5% CO2. Challenge with 
DNP-BSA (5 or 50 ng/mL) and the further steps were performed as described above. 
 
5.2.6. β-hexosaminidase assay  
Fifty μL of supernatant collected from the above experiments (section 5.2.6) was 
plated into a 96-well plate and 50 μL of 4-methyl umbelliferyl-β-D-glucosaminide (4-
MUG) in 0.1 M citrate buffer (pH 4.5) was added and incubated for 1 h at 37 °C. The 
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reaction was stopped by adding 100 μL of 0.2 M glycine buffer (pH 10.7). β-
hexosaminidase activity was measured by fluorescence reading at λexcitation 360 nm 
and λemission 461 nm using a Fluoroskan AscentTM FL reader fluorimeter (Thermo 
Scientific,Waltham, MA, USA).  
 
5.2.7. Statistical analyses 
The results of β-hexosaminidase release were expressed as mean ± SEM and 
were analyzed by the parametric one-way ANOVA and Bonferroni’s multiple 
comparisons test. For all analyses, p values ≤ 0.05 were considered significant.  
 
5.3.Results 
5.3.1. Protein profile of complexes by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and β-lg ELISA 
Electrophoretic profile of WPI and complexes were very similar (Figure 5.1A). 
Taking in account that SDS disrupts non-covalent interactions and β-mercaptoethanol 
cleaves covalent disulfide bonds, the complexes formed should be from non-covalent 
nature or disulfide bonds. If complexes were formed by other covalent forces than 
disulfide bonds, bands with increased molecular mass and/or an unresolved high 
molecular mass material on the top of gel would be visible37, 38.  
According to the ELISA kit results (Figure 5.1B), WPI contain approximately 
0.9 ppm of β-lg. In general, the complexation with either CA or EGCG slightly reduced 
the detection of β-lg. The exceptions were WPI-EGCG-3.5 and WPI-CA-7.0 
complexes, which presented nearly the same and expressively lower (~0.5 ppm) 
detectable β-lg concentration than WPI, respectively.  
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Figure 5.1: Electrophoresis profile (SDS-PAGE) of WPI and WPI-CA and WPI-EGCG 
complexes obtained at pH 3.5 and 7.0 (A). Samples were loaded onto gel (5 μg/mL) in 
duplicate. The molecular mass (MM) marker is a standard broad-range marker (10-250 kDa). 
Detectable concentration (ppm) of β-lg in WPI and WPI-CA and WPI-EGCG complexes 
obtained at pH 3.5 and 7.0. Data are expressed as mean ± SD of triplicate (B).  
 
5.3.2. Degranulation of RBL-2H3 cells upon treatment with WPI-
phenolic compounds complexes before the sensitization with 
anti-DNP IgE 
To investigate if the potential inhibitory effect of WPI-phenolic compounds on 
RBL-2H3 cell degranulation comes from the impairment of IgE binding to FCεRI on 
the surface of cells, β-hexosaminidase release was analyzed upon treatment with WPI-
phenolic compounds prior to the sensitization with anti-DNP IgE (Figure 5.2). In this 
condition, we did not observe an expressive inhibitory effect neither of the WPI-
phenolic compounds complexes nor of isolated phenolic compounds (at the same 
concentration present in the complexes) (Figure 5.2A and B), even at the highest 
concentration of the compounds (1 mg/mL).    
 
 




Figure 5.2: β-hexosaminidase release (%) upon treatment of RBL-2H3 cells with WPI or WPI 
complexed with CA (WPI-CA) or EGCG (WPI-EGCG) in pH 3.5 and 7.0 previously the 
sensitization with anti-DNP IgE. Cells were incubated with WPI, WPI-phenolic compound 
complexes (0.03 to 1 mg/mL) or isolated phenolic compounds (CA or EGCG) at the same 
concentrations found in the complexes and then sensitized with anti-DNP IgE.  Afterwards, 
cells were challenged with 5 ng/mL (A and C) or 50 ng/mL (B and D) of DNP-BSA. Control 
cells were only sensitized with anti-DNP and challenged with DNP-BSA. Panels A and B 
represent the cell degranulation in different concentrations (0.03 to 1 mg/mL) of compounds, 
while panels C and D represent the cell degranulation upon treatment with the highest 
concentration (1 mg/mL) of compounds. Points (A and B) or columns (C and D) and error bars 
represent the mean ± SEM of three different experiments. 
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5.3.3. Degranulation of RBL-2H3 cells previously sensitized with anti-
DNP IgE upon treatment with WPI-phenolic compounds 
complexes 
The degranulation of RBL-2H3 cells previously sensitized with anti-DNP IgE 
was also analyzed (Figure 5.3). Treatment of cells with WPI did not substantively 
change the β-hexosaminidase release compared to control cells using either 5 or 50 
ng/mL of DNP-BSA (Figure 5.3). When the cells were challenged with 5 ng/mL of 
DNP-BSA (Figure 5.3A), the treatment with WPI-CA-7.0 and WPI-EGCG-7.0 resulted 
in β-hexosaminidase release even higher than the control cells (only sensitized with 
anti-DNP and challenged with 5 ng/mL of DNP-BSA). On the other hand, the treatment 
with WPI-CA-3.5 and WPI-EGCG-3.5 decreased the β-hexosaminidase release 
compared to control cells and WPI in a dose-dependent manner (Figure 5.3A). The 
same tendency was observed when the cells were treated with isolated phenolic 
compounds at the same concentration present in the complexes. When the cells were 
challenged with 50 ng/mL of DNP-BSA (Figure 5.3B), the effects of different 
concentrations of WPI-phenolic compounds complexes were similar, however not as 
clear as when 5 ng/mL of DNP-BSA was used (Figure 5.3A). 
The data corresponding to the highest concentration of WPI and WPI-phenolic 
compounds (1 mg/mL), as well as the corresponding amount of isolated phenolic 
compounds added to the complexes were plotted separately (Figure 5.3C and D). When 
cells were challenged with 5 ng/mL of DNP-BSA (Figure 5.3C) β-hexosaminidase 
release decreased in the cells treated with WPI-EGCG-3.5. Furthermore, the phenolic 
compounds at the same concentration present in the complexes significantly (p ≤ 0.001) 
inhibited β-hexosaminidase release by RBL-2H3 cells compared to control and WPI 
treated cells. Nevertheless, when cells were challenged with 50 ng/mL of DNP-BSA 
(Figure 5.3D), the inhibitory effect of isolated phenolic compounds on β-
hexosaminidase release disappeared, while WPI-EGCG-3.5 maintained its inhibitory 
effect.  
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Figure 5.3: β-hexosaminidase release (%) upon treatment of RBL-2H3 cells with WPI or WPI 
complexed with CA (WPI-CA) or EGCG (WPI-EGCG) at pH 3.5 and 7.0. Following the 
sensitization with anti-DNP IgE, cells were incubated with WPI, WPI-phenolic compounds 
complexes (0.03 to 1 mg/mL) or isolated phenolic compounds (CA or EGCG) at the same 
concentrations present in the complexes. Afterwards, cells were challenged with 5 ng/mL (A 
and C) or 50 ng/mL (B and D) of DNP-BSA. Control cells were only sensitized with anti-DNP 
and challenged with DNP-BSA. Panels A and B represent the degranulation of cells in different 
concentrations (0.03 to 1 mg/mL) of compounds, while panels C and D represent the 
degranulation of cells upon treatment with the highest concentration (1 mg/mL) of compounds. 
Points (A and B) or columns (C and D) and error bars represent the mean ± SEM of three 
different experiments. Asterisk indicates significant differences (*p ≤ 0.05 and **p ≤ 0.001 – 
Bonferroni’s multiple comparisons test) between control cells and treated cells. Number signs 
indicate significant differences (p ≤ 0.001 – Bonferroni’s multiple comparisons test) between 








The complexation of whey proteins with phenolic compounds could be a viable 
strategy to attenuate the challenge phase of allergy, i.e., the degranulation of effector 
cells. In the present study, we investigated by in vitro methodologies the capacity of 
complexes of WPI with CA (WPI-CA) and EGCG (WPI-EGCG) to prevent the 
degranulation of RBL-2H3 cells before and after the sensitization with anti-DNP IgE. In 
general, the complexation with both phenolic compounds under the conditions here 
studied did not result in pronounced alteration of the protein profile of WPI analyzed by 
SDS-PAGE (Figure 5.1A) and β-lg ELISA (Figure 5.1B). The exception was WPI-CA-
7.0, which presented reduction of β-lg detection (Figure 5.1B). Possibly, CA has bound 
to and hidden epitopes recognized by the β-lg-specific antibodies used in the 
commercial ELISA kit, impairing the detection of β-lg. Moreover, the complexation 
with CA might have changed the conformational structure of β-lg, destroying some 
epitopes which also could result in lower detection of β-lg.  
The degranulation of RBL-2H3 cells was analyzed by two different ways. 
Initially, cells were incubated with WPI-phenolic compounds complexes before the 
sensitization with anti-DNP IgE in order to investigate the capacity of complexes to 
prevent IgE-binding to the high affinity receptor (FcεRI) on the surface of cells. The 
complexes did not have the ability of preventing β-hexosaminidase release when 
administrated before the sensitization of cells with anti-DNP IgE (Figure 5.2), 
indicating that the complexation of WPI with CA or EGCG did not prevent the IgE-
binding to FCεRI (Figure 5.2). Isolated phenolic compounds at the same concentration 
present in complexes were also unable to reduce β-hexosaminidase release. Thus, we 
consider that the amount of CA and EGCG present in the complexes might not have 
been sufficient to play an anti-allergic role in that condition.  
In order to investigate whether the complexes have the capacity to prevent the 
allergen cross-linking with FCεRI on the cells surface, we also incubated the cells with 
WPI-phenolic compounds complexes after the sensitization with anti-DNP IgE. In this 
experiment, WPI-EGCG-3.5, as well as isolated CA and EGCG (at the same 
concentration present in the complexes) significantly decreased the β-hexosaminidase 
release in a dose-dependent manner when the cells were challenged with 5 ng/mL of 
DNP-BSA (Figure 5.3A and C). On the other hand, when cells were challenged with 
higher concentration of allergen (50 ng/mL of DNP-BSA), only WPI-EGCG-3.5 
significantly decreased the degranulation of cells (Figure 5.3B and D). These results 
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suggest that the complexation may have maintained the anti-allergic property of EGCG.  
Possibly, the complexation with WPI protected EGCG from degradation, allowing the 
phenolic compound to maintain its anti-allergic property. It was already reported that 
interactions of milk proteins with flavonoids prevented auto-oxidative degradative 
reactions of EGCG, and increased its stability over storage time
37
. In addition, the 
complexes could have masked the binding of DNP-BSA to the IgE on the surface of 
cells, evidencing a steric hindrance as positive effect of complexation.   
It is important to highlight that complexation of proteins with phenolic 
compounds could also impact the digestion pattern of proteins and, consequently, the 
released peptides during digestion
28, 35
. This could, in turn, impact on the residual 
allergenicity of the released peptides
37
. Thereby, in future studies, it would be worth to 
investigate the digestive route and the allergenicity of the released peptides by simulated 
gastrointestinal digestion technique followed by immunoblotting analysis.   
 
5.5.Conclusions 
Complexation of whey protein isolate with EGCG at acid conditions (pH 3.5) 
partially attenuates the degranulation of RBL-2H3 cells in vitro, but did not completely 
avoid it. That effect is likely due to the reduced cross-linking of FCεRI on the cells 
surface as a consequence of a steric hindrance provoked by the complex, which may 
have impaired the binding of DNP-BSA to IgE on the surface of mast cells. The 
protection of EGCG against oxidation/degradation and a possible preservation of its 
anti-allergic property also seem to play a role in the inhibitory effect on degranulation. 
In conclusion, we consider that the WPI-EGCG-3.5 complex could be promising for the 
development of a new dairy hypoallergenic and anti-allergic product. However, further 
investigations aiming to better investigate the molecular mechanisms involved in this 
potential anti-allergic capacity must be carried out.   
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CAPÍTULO 6. DISCUSSÃO GERAL 
6.1. Discussão Geral 
 
Atualmente, a alternativa mais utilizada para desenvolvimento de produtos 
voltados para crianças em alto risco ou diagnosticadas com alergia ao leite de vaca é a 
hidrólise enzimática, que resulta em fórmulas hipoalergênicas compostas de caseínas ou 
proteínas do soro parcial ou extensivamente hidrolisadas (VAN ESCH et al., 2011). 
Entretanto, essas fórmulas apresentam algumas desvantagens como a presença de 
alérgenos residuais (EL MECHERFI et al., 2011; VAN ESCH et al., 2011), gosto 
amargo e hipertonicidade (ZHENG et al., 2008). Recentemente, a complexação de 
proteínas com compostos fenólicos têm sido proposta como uma estratégia para reduzir 
a alergenicidade de proteínas. A redução da alergenicidade de proteínas do ovo e do 
amendoim já foi demonstrada na literatura (ZUERCHER et al., 2010; OGNJENOVIC et 
al., 2014; PLUNDRICH et al., 2014; VESIC et al., 2015). Entretanto, ainda que o leite 
seja um dos alimentos mais alergênicos para a população infantil, estudos do efeito da 
complexação de compostos fenólicos com proteínas do leite ainda são escassos. No 
presente trabalho, o efeito da complexação de proteínas com ácido cafeico (AC) e 
epigalocatequina galato (EGCG) na alergenicidade de isolado proteico do soro de leite 
(IPS) foi investigado, bem como na capacidade de sensibilização oral e de degranulação 
de mastócitos.  
De acordo com nossos resultados, tanto AC quanto EGCG se ligaram às 
proteínas do IPS por ligações não covalentes, o que resultou em alteração da estrutura 
proteica. De forma geral, as interações com EGCG tanto em pH 3,5 quanto em pH 7,0 
resultaram em redução da alergenicidade do IPS à β-lg e BSA (Artigo 1, Figura 3.4). 
Em estudo realizado em paralelo com o presente trabalho, a capacidade antioxidante dos 
complexos IPS-compostos fenólicos foi avaliada e os resultados mostraram que os 
complexos produzidos em pH 3,5 apresentam capacidade antioxidante superior àqueles 
produzidos em pH 7,0 (MORAIS, 2017). Considerando que compostos com capacidade 
antioxidante podem apresentar também capacidade antialérgica (YOSHIMARU et al., 
2002; HOSSEN et al., 2006), a capacidade de induzir tolerância oral dos complexos de 
IPS com AC e EGCG produzidos em pH 3,5  foi avaliada em camundongos.  
A eficácia de uma fórmula hipoalergênica deve comprovada pela demonstração 
de que essa fórmula não é capaz de sensibilizar animais à fonte proteica das quais elas 
 
Capítulo 6. Discussão Geral 113 
 
 
são derivadas (Commission Directive 96/4/EC of 16th February 1996 amending 
Directive 91/321/EEC on infant formulae and follow-on formulae. Official Journal of 
the European Communities No L 49: 12–16). Modelos animais para avaliar a 
alergenicidade de produtos com fins hipoalergênicos têm sido desenvolvidos, mas 
nenhum deles foi totalmente validado ainda (KNIPPING et al., 2014), o que dificulta a 
comparação de resultados, em especial, quando novos produtos são testados (LIU, 
NAVARRO e LOPATA, 2016). Diferentes linhagens de animais podem desenvolver 
diferentes padrões de resposta imunológica frente ao mesmo alérgeno alimentar 
(MORAFO et al., 2003; LIU, NAVARRO e LOPATA, 2016). No presente trabalho, a 
capacidade de indução de tolerância oral foi avaliada em camundongos C3H/HeJ, 
linhagem que é considerada um bom modelo para simular a resposta alérgica humana, 
pois é susceptível à anafilaxia (LI et al., 1999; LIU, NAVARRO e LOPATA, 2016). 
Utilizando essa linhagem de camundongos, demonstramos que a sensibilização com IPS 
desencadeou resposta alérgica às proteínas, enquanto que os complexos de IPS com AC 
ou EGCG induziram tolerância oral nos animais. Esses resultados sugerem que os 
complexos de IPS-composto fenólico aqui estudados apresentaram não somente 
propriedades antialérgicas, conforme demonstrado pela redução de ligação à IgE 
específica (Artigo 1, Figura 3.4), mas também foram capazes de modular a resposta 
celular, o que resultou na redução dos níveis de anticorpos específicos ao IPS e 
degranulação de mastócitos em camundongos C3H/HeJ (Artigo 2, Figura 4.2). 
A combinação de várias técnicas que avaliam tanto a fase de sensibilização 
quanto a efetora da resposta alérgica permite compreensão detalhada do potencial 
alérgico de novos produtos com fins hipoalergênicos (VAN ESCH et al., 2011). Visto 
que mastócitos e basófilos são células efetoras primordiais nas reações de 
hipersensibilidade em humanos (KNIPPING et al., 2017), além da capacidade de 
ligação à IgE in vitro e de sensibilização oral, a capacidadade dos complexos IPS-
compostos fenólicos de modular a degranulação de mastócitos foi também investigada 
utilizando um modelo de degranulação de células basofílicas de linhagem leucêmica de 
ratos (RBL-2H3). O complexo IPS-EGCG-3,5 reduziu a degranulação in vitro de 
células RBL-2H3 previamente sensibilizadas com anticorpo IgE anti-DNP (Artigo 3, 
Figura 4.3). Os resultados sugerem que a complexação com IPS pode ter protegido a 
EGCG contra oxidação/degradação, o que eventualmente resultou em manutenção da 
ação antialérgica desse composto fenólico. Além disso, é possível que o complexo IPS-
 
Capítulo 6. Discussão Geral 114 
 
 
EGCG-3,5 tenha bloqueado a ligação do alérgeno (DNP-BSA) aos anticorpos IgE na 
superfície das células RBL-2H3 devido a impedimentos estéricos. 
A complexação de proteínas com compostos fenólicos pode alterar o conteúdo 
de compostos fenólicos livres e a capacidade antioxidante desses compostos, além de 
afetar a solubilidade, estabilidade térmica, digestibilidade e alergenicidade das proteínas 
(OZDAL, CAPANOGLU e ALTAY, 2013). Portanto, metodologias que simulem a 
digestão gastrointestinal são importantes para caracterizar e esclarecer alterações 
estruturais de ambos os compostos envolvidos na complexação sob condições 
fisiológicas, além de fornecer informações sobre como o processo digestivo pode 
interferir na biodisponibilidade e bioatividade dos produtos obtidos (AURA, 2005; 
VAN DER BURG-KOOREVAAR, MIRET e DUCHATEAU, 2011; OZDAL, 
CAPANOGLU e ALTAY, 2013; MINEKUS et al., 2014). Um método de consenso 
para simular a digestão gastrointestinal o mais próximo das condições fisiológicas foi 
recentemente proposto pelo Infogest (MINEKUS et al., 2014). O Infogest é uma rede 
internacional composta por mais de 200 cientistas e 32 países que trabalham na área de 
digestão com o intuito de consolidar condições para simular a digestão gastrointestinal 
de matrizes alimentares. Em trabalho realizado em paralelo, nós adotamos o método de 
digestão estática in vitro adequada para alimentos proposto pelo Infogest. A partir dos 
resultados desse trabalho, nós observamos através de cromatografia de alta eficiência de 
fase reversa (CLAE-FR) que houve proteção dos compostos fenólicos contra a 
degradação durante a digestão gastrointestinal simulada dos complexos (MORAIS, 
2017). Além disso, os perfis cromatográficos dos complexos digeridos apresentaram 
peptídeos mais hidrofílicos do que os do IPS digerido (MORAIS, 2017). Essas 
diferenças nos perfis de peptídeos liberados pela digestão gastrointestinal simulada 
podem estar relacionadas à proteção dos compostos fenólicos contra a degradação, 
porém estudos mais detalhados devem ser conduzidos para confirmar essa hipótese.  
O aumento da estabilidade do AC e da EGCG no ambiente gastrointestinal pode 
ter ocorrido também no trato gastrointestinal dos camundongos oralmente sensibilizados 
com os complexos, permitindo que esses compostos bioativos mantivessem sua ação 
antialérgica. A complexação com compostos fenólicos não acarretou completa 
eliminação da alergenicidade do IPS, porém a atenuou de forma significativa. Assim, 
essa estratégia não poderia ser utilizada para produção de alimentos hipoalergênicos 
como as fórmulas extensivamente hidrolisadas, por exemplo. Mas poderia, por outro 
lado, ser utilizada para a produção de alimentos voltados para indivíduos em risco de 
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desenvolvimento de alergia ao leite de vaca ou para imunoterapia oral. Além de ser 
nutricionalmente adequado devido à presença de proteínas de alto valor biológico, como 
as proteínas do soro do leite, esse alimento apresentaria também caráter funcional, 
devido à presença de compostos bioativos, tais como os compostos fenólicos. Visto o 
efeito imunomodulador dos complexos aqui apresentados, o seu efeito benéfico na 
prevenção e tratamento de outras doenças inflamatórias e/ou que envolvem disfunção 
do sistema imune deveria também ser considerado e investigado.  
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CAPÍTULO 7. CONCLUSÃO GERAL 
A complexação com ácido cafeico (AC) e epigalocatequina galato (EGCG) 
modificou a estrutura proteica do isolado proteico do soro de leite (IPS), porém apenas a 
complexação com EGCG acarretou redução da alergenicidade do IPS à β-lg e BSA 
analisada in vitro utilizando soro de camundongos Balb/c previamente sensibilizados. O 
complexo IPS-EGCG também foi capaz de reduzir a degranulação de células RBL-2H3 
in vitro. Os complexos de IPS com AC ou EGCG induziram tolerância oral em 
camundongos C3H/HeJ, o que sugere que a complexação com esses fenólicos pode ser 
uma boa alternativa para dessensibilização de indivíduos alérgicos no futuro, desde que 
estudos mais detalhados do mecanismo de ação desses complexos sejam realizados.  
Se, por um lado, a complexação com EGCG parece reduzir a alergenicidade das 
proteínas do soro de leite através da modificação de sua estrutura, por outro, a 
complexação com AC parece não ter sido tão efetiva nesse sentido. Entretanto, o 
complexo IPS-AC foi mais eficaz na indução de tolerância oral que o complexo IPS-
EGCG. Possivelmente, a complexação com IPS protegeu o AC da degradação durante a 
digestão gastrointestinal, o que pode ter permitido que o composto fenólico mantivesse 
sua ação antialérgica. Visto que o complexo IPS-EGCG-3,5 foi capaz de reduzir a 
degranulação de células RBL-2H3 in vitro, é possível que o IPS tenha também 
protegido esse composto fenólico de sofrer oxidação e/ou degradação. Assim, o caráter 
protetor da complexação de IPS para a EGCG não deve ser descartado. Pelo contrário, a 
modificação da estrutura proteica do IPS associada à proteção do composto fenólico e 
eventual manutenção de sua capacidade imunomoduladora evidencia o efeito 
antialérgico apresentado pelos complexos IPS-composto fenólico aqui demonstrado. 
Porém, os mecanismos moleculares responsáveis pelo efeito antialérgico dos complexos 
ainda requerem maiores investigações. Por fim, a complexação de IPS com compostos 
fenólicos pode ser uma estratégia promissora para o desenvolvimento de um alimento 
nutricional e funcionalmente adequado para indivíduos em risco de desenvolvimento de 
alergia ao leite de vaca ou para imunoterapia oral.   
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